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Abstract
Self assembled surfactant nanostructures in combination with inorganic nanomaterials or organic macromolecules leading to hybrid nanostructures have been extensively studied in fundamental research and towards wide variety of practical applications. Gold nanoparticles (AuNPs)
that exhibit strong fluorescent and electromagnetic properties which can be enhanced upon clustering and used in therapeutic imaging and sensing applications can be an attractive platform
when combined with self-assembled lipid nanocarriers. Using coarse grained molecular dynamics (CGMD) simulations, we studied hybrid lipid nanodisc/AuNPs hybrid nanostructure which
was obtained by encapsulation of gold nanoparticles AuNPs 1nm in diameter modified with 18
hydrophobic alkane tether of three different lengths, C8 H17 , C12 H25 , and C16 H33 into self assembled lipid nanodisc composed of dipalmitoylphosphatidylcholine (DPPC) and dihexanoylphosphatidylcholine (DHPC)lipids in the ratio 3:1. We found that due to the liquid crystalline
order of DPPC lipids in the interior of lipid nanodisc, equilibrium encapsulation of AuNPs
occurs from the rim. The effect of alkane tether length on the nanodisc stability and AuNP clus-
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tering inside nanodisc and vesicles were investigated which showed that C16 H33 grafted AuNPs
leads to higher stability compared to other AuNPs however has less clustering capability due
to interdigitation of alkane tethers. Our results demonstrated that lipid nanodiscs can enhance
gold cluster formation of strings or rings of AuNPs upon increase in temperature resulting from
nanodisc to vesicle transition.
Furthermore, using united atom (UA) and CGMD, we investigated hybrid wormlike surfactant micelle (WLM) composed of potassium oleate at 6 % salt concentration (potassium
chloride) embedded with polymers differing in their hydrophobicity. We found that polystyrene
(PS) is readily encapsulated in a highly extended conformation within the hydrophobic core
of WLM accompanied by surfactant reorganization resulting in sligthly thicker WLM diameter
and significant increase in persistence length of polymer. In contrast, poly(caprolactone) (PCL)
and poly(4 vinyl pyridine) (P4VP) are found to wrap around the hydrophobic core of WLM
assuming a Gaussian-like conformation and forming hydrogen bonds with water. Segmental
dynamics of encapsulated polymers within the WLM is significantly slower than in corresponding good solvents. Uniaxial stretching and non-equilibrium MD simulations revealed that while
elastic modulus does not change upon polymer encapsulation, the maximum stress withheld
strongly depends on presence and location of polymer within WLM with scission of WLM occurs at the boundary of polymer containing sections of WLMs, therefore affecting the dynamics
of stress relaxation in polymer-containing WLM solutions, as has been experimentally observed
for polymer-embedded WLM solutions.
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Chapter 1

Introduction

Surface active agents (surfactants) are ampliphiles containing both solvophilic (solvent loving)
head groups composed of ionic, non-ionic or zwitterionic units and solvophobic (solvent hating)
tail groups composed of saturated or unsaturated hydrocarbon chains in a single unit. Spontaneous aggregation of these surfactants driven by thermodynamic forces due to the tendency of
alkyl chains to avoid unfavourable contact with water and the polar head group to be in contact
leads to the self assembly, process referred to as micellization[1] which occurs above certain
surfactant concentration called critical micelle concentration (CMC). Above CMC, depending
on the type of surfactants and solution condition like temperature, pressure, salinity etc. surfactants self assemble themselves into various microstructure like spherical or cylindrical micelles,
bilayers or vesicles[2]. Critical packing parameter γ =

v
lc a0 ,

where ‘v’ is the volume of the hy-

drophobic part of surfactant having maximum effective length ‘lc ’ and ‘a00 is the effective area
per head group at the surfactant-water interface, determines the morphology of self-assembled
structures. Surfactants self-assemble into spherical micelles if the γ ≤ 1/3, cylindrical micelles
if 1/3 ≤ γ ≤ 1/2, vesicles and extended bilayers if γ ≈ 1 and finally to a family of inverted structures if γ ≥ 1. Combination of these self-assembled structures with inorganic nanomaterials or
organic macromolecules leading to hybrid nanostructures have attracted great deal of attention
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in fundamental research and towards practical applications in drug and gene delivery or contrast
enhancing agents for imaging in biomedicine[3–5], in rheological applications as a drag reducing or viscosity enhancing agents[6]. Self-assembled hybrid nanomaterials can be achieved
through several approaches. One particular approach is through self-assembly of organic building blocks into desired structures followed by the encapsulation or entrapment of guest nanomaterials or macromolucules. In this approach, self-assembled structure acts as a host or template
and guide the encapsulation or embedment of guest particles or macromolecules. This type of
hybrid structures could give rise to novel ordered nonequilibrium structures confined in their
metastable state within the global free energy landscape not bound by the constraint of entropy
maximization. In order to successfully utilize the properties of these hybrid nano-structures
that might be different from their individual building blocks, it is desirable to have the ability
to control the material design and modify the properties as desired. To this end, fundamental
understanding of host guest interaction is required at the molecular level to obtain insights on
the mechanism of encapsulation or insertion, analyze the change in local surfactant properties
due to the presence of guest particles and investigate changes of both static and dynamic properties of guest particles imposed by the surrounding surfactant media. Through experiments, it
is not always possible to obtain insights on the interactions on particles at the molecular level.
Computer simulations provide an additional tool that can be utilized to obtain further understanding and can significantly accelerate and simplify the process by testing different effects
and providing further guidance for experimental research. In our work, we used molecular
dynamics simulation to study the self-assembly of surfactants and the pathway/mechanism of
guest particles/macromolecules insertion and their behavior in hybrid nanostructures.

3
Lipid molecule, one significant class of naturally occurring surfactant composed of hydrophilic polar headgroup attached to two hyrdophobic non-polar tails self assemble into bilayer, bicelle (nanodisc) or liposomes in aqueous environment. Lipid based nano-carriers have
been among the most successful and commonly used in biomedical applications due to their
advantage of being the least toxic for in vivo applications and their capability to fulfill the wide
range of desired functionalities including the ability to encapsulate drugs, DNA/gene or imaging agents, having the capability to both protect and deliver a payload to a specific location,
successfully penetrate into cells and perform desired therapeutic imaging or sensing action[7].
Lipid based hybrid nanostructures in combination with metal nanoparticle, in particular gold
nanoparticles (AuNPs) have several advantages for biodiagnostic agents including reduced or
no toxicity, better contrast for imaging and surface-enhanced spectroscopic properties[8, 9].
Toxicity of AuNPs are reported to be dependent on particle size, charge and ligand used. Stabilization of AuNPs using hydrophobic alkylthiolate ligands grafted on the surface of AuNPs are
known to be non-toxic[8, 9]. Functionality of AuNPs depends on their size. For instance, larger
size of AuNPs are found to be useful for thermo-activated therapeutic purposes possessing
shape and cluster size dependent plasmonic properties, a feature that can be exploited for extracellular sensing[10–12], smaller sized AuNPs in particular sub-4 nm and molecular sized gold
nanoclusters are useful for intracellular imaging and therapy due to their capability of penetrating cell surface and cellular compartment[10–14]. Recently, experimental studies showed that
molecular sized gold nanoclusters are capable of two photon absorption and enhanced emission
upon clustering[11, 15].
Knowing all advantages of combining lipid-AuNP hybrid nanostructures motivated us
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to investigate interaction between self-assembled lipid nanostructures and AuNPs. Besides bilayer and liposomes (or vesicles), lipids can self-assemble into disc shaped bicelle (or nanodisc)
in a mixture of two or more lipids differing in their hydrophobic tail length (or in presence of
proteins). In the former case, liquid crystalline order of longer lipids in the interior and shorter
lipids along the rim are responsible for stability of bicelle while in the latter case, nanodisc is
stabilized due to the protein wrapping around the rim of nanodisc. Lipid nanodiscs have their
advantages over liposomes due to their smaller size and capability of penetrating lipid layers of
skin stratum corneum[16–19]. While there are several studies on mixed lipid nanodisc[20–24]
including interaction of liposomes with AuNPs[25–29], there are no reports so far on nanoparticle encapsulation on lipid nanodisc.
Using coarse-grained molecular dynamic simulations we investigate encapsulation of
small AuNPs (1nm in diameter), the surface of which is modified by alkane tethers from aqueous solution into mixed dipalmitoyl phosphatidylcholine (DPPC) and dihexanoyl phosphatidylcholine (DHPC) lipid nanodiscs and vesicles. AuNP encapsulation pathway, effect of lipid
ordering/organization on AuNP encapsulation, alkane tether length dependent clustering upon
encapsulation and effect of presence of AuNPs on the lipid ordering close to their vicinity were
investigated, the results of which are presented in 3.
Among the wide variety of morphological structures formed by the surfactant self-assembly,
rod/cylinder like structure forms when γ lies between 1/3 and 1/2. Under an appropriate condition of surfactant and salt concentration, temperature, or the nature of added counter ions, rod
like micelles can grow into long thread or polymer like elongated flexible aggregates referred as
“wormlike” (WLM) or “thread-like” micelles[30]. At large surfactant concentration, wormlike
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micellar solution exhibits characteristic viscoelastic behaviour arising due to their entanglement
into a transient network, analogous to polymer solutions. Because of their dynamical behaviour
of constantly breaking and recombining, a feature that accounts for complex rheological behaviour, wormlike micelles are considered as “living polymers” [31, 32]. Due to their rich
phase and characteristic rheological behaviour, wormlike micelles have practical applications
as drag reducing agents, hydraulic fracturing fluids in oilfield, paints, detergents, template for
promoting anisotropic assembly of nanoparticles, colloids or ceramics etc.[6]. Wormlike micelles are known to be very delicate in nature as they can transform from wormlike to spherical
micelle upon interaction with external stimuli. So it is desirable to have the control over WLM
structure and ability to modify as needed. One approach to modify the properties of WLM solutions is by combining polymer and wormlike surfactant aggregates, resulting in organic-orgainc
hybrid nanostructures, system generally referred as “hybrid wormlike micelles”. Ideally, using
these hybrid WLM solutions, it is desirable to achieve polymer like stability while retaining
versatility of wormlike surfactant aggregates. Hydrophilic polymers are known to have minimal to no effect on the viscoelastic behavior of WLM aqueous solutions[33, 34]. In contrast,
hydrophobic polymers interact with WLM forming a hybrid WLM where polymer resides at
the interface between hydrocarbon core and headgroup/water, thereby shielding the micellar
core from water and also screening the electrostatic repulsion between charged headgroup in
case of ionic surfactants[33–35]. Beside hydrophobic polymers, stable complexes of polyelectrolyte and WLM have been reported where both hydrophobic and electrostatic interaction between polyelectrolyte and surfactant played a major role leading the polyelectrolyte backbone
to be residing in the micellar core assuming extremely rigid conformation with a low entropy

6
compared to the spherically collapsed conformation[36]. While complexation of hydrophobic
polymers with WLM are known to have an effect of viscosity decrease as a result of polymer
induced WLM to spherical micelle transition as theoretically predicted by Nagrajan[37], polyelectrolytes are found to preserve the stability of WLM when they are oppositely charged. However, these oppositely charged systems are found to have limited phase miscibility. The drop in
viscosity in hybrid WLM solutions are not always attributed to major structural changes, this
could be due to the small changes in length of WLM that cannot be easily measurable via experiments or due to change in dynamic behavior of WLM when interacting with polymers. To shed
some light on this issue, we studied wormlike micelle formed with anionic surfactant potassium oleate at 6 % salt (potassium chloride) concentration by weight, threaded by hydrophobic
polymer (poly)styrene and wrapped with less hydrophobic polymer (poly)caprolactone. Conformational properties of both polymer when confined within the surface or core of wormlike
micelle and its subsequent effect on the static and dynamic properties on WLM resulting due to
the local surfactant rearrangement close to the polymer vicinity were investigated using equilibrium simulations. The results of this study are presented in Chapter 4. The presence of polymer
can significantly alter the dynamic behavior of WLM and stress relaxation mechanisms which
inturn can change the characteristic viscoelastic behavior wormlike micellar solution exhibits.
Using both united atom and coarse-grained MD simulations, we studied the dynamic response
of WLM aqueous solutions under uniaxial stretch, shear flow and center of mass pulling simulations, the results of which are presented in Chapter 5.
In addition to wormlike surfactant micelle mediated organic-organic hybrid nanostructures, organic -inorganic hybrid structures can be obtained from the combination of WLM and
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carbon nanotube (CNT) is currently being explored.
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Chapter 2

Simulation Model and Method

In this chapter, details of molecular dynamics simulation and different force fields used for
various systems studied are explained briefly.

2.1

Molecular Dynamics

Molecular dynamics (MD) simulation is a computational technique which is used to study the
equilibrium and transport properties of classical many body systems.[1]. For a system of N
interacting particles, MD simulation solves Newton’s equation of motion for each particle,

mi

∂2 ri
= Fi , i = 1, 2, ..N
∂t2

(2.1)

where mi and ri represents the mass and position of ith atom and Fi the force. Forces are the
negative gradient of potential function V(r1 , r2 , ..rN ):

Fi = −

∂V
∂ri

(2.2)

Typical workflow of MD simulation is presented in figure 2.1.
To carry out molecular dynamics simulation, an initial configuration consisting of posi-

10

11

Fig. 2.1: Workflow of typical MD simulation.

12
tions of all the atoms present in the system along with their velocities and information including
the box size is required. This initial starting configuration, often referred to as topology of
the system should consists of arrangements of atoms or molecules distributed in space so as
to approximately represent the system’s overall structure without having any overlap between
atoms so that the van der Waals repulsive interactions does not becomes extremely large. Such
initial configurations can be obtained using software packages for example PACKMOL[2] or
web server like CHARMM-GUI (www.charmm-gui.org)[3] or online databases like protein
data bank (www.rcsb.org)[4]. The initial velocities, vi , i = 1, 2, ...3N, for each particles at a
given temperature (T) can be approximated using Maxwell-Boltzman velocity distribution with
a probability,
r
P(vi ) =

mi
mi vi 2
exp(−
)
2πKT
2KT

(2.3)

where mi is the mass of the particle and K is the Boltzman’s constant.
There are several software packages that can be used to carry out molecular dynamics
simulations such as GROMACS[5], LAMMPS[6], CHARMM[7], AMBER[8], NAMD[9] etc.
All of these packages perform the same general operation to perform MD simulations each of
which might have different algorithms that they use. For our studies, we use GPU accelerated
version of GROMACS 4.6.5 (GROningen MAchine for Chemical Simulations) software package and describe only the algorithms that are either default in GROMACS or are used in our
studies. Equations of motion 2.1 are computed using a leapfrog[10] algorithm a default integrator in GROMACS. Briefly, leapfrog algorithm uses forces at time t to calculate the velocity
at half time step intervals (t + 12 ∆t) and positions at full step intervals (t + ∆t) (Figure 2.2 using
equations (2.4, 2.5),
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Fig. 2.2: Pictorial illustration of leapfrog integration method.

1
∆t ~
1
~v(t + ∆t) = ~v(t − ∆t) + F(t)
2
2
m

(2.4)

1
~r(t + ∆t) = ~r(t) + ~v(t + ∆t)∆t
2

(2.5)

In this algorithm, velocities are calculated first, at time t+ 12 ∆t which are used to calculate
the positions, r at time t + ∆t. Since velocities and positions leap over each other, hence the
name leapfrog algorithm. Leapfrog algorithm has the advantage that the velocities are explicitly
calculated with the disadvantage that they are not calculated at same time as that of position.
Velocity at time t can be approximated with the relation,

~v(t) =

"
#
1
1
1
~v(t − ∆t) + ~v(t + ∆t)
2
2
2

(2.6)

The potential V(r1 , r2 , ..rN ) is the sum of bonded (i.e., intramolecular forces) and nonbonded (i.e., van der Waals and electrostatics) interaction energies and is represented by contri-
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butions from six terms:

V(r1 , r2 , ...rN ) =

X

VBonds +

Bonds

+

X
Angles

X
Impropers

X

VAngles +

VImpropers +

VDihedrals

Dihedrals

X
Coulomb

VCoulomb +

X

(2.7)
VLJ

LJ

Bonded potentials consists of potentials arising from bond, angle, dihedral and improper interaction, while Lennard-Jones and coulomb electrostatic interaction contributes for the nonbonded potential. Atoms that are connected via physical bonds and separated within a distance
of three bonds or less are purely treated with bonded potentials. Nonbonded interactions between atoms depends on the atom types as well as their proximity to each other. Atoms in a
molecule that are covalently bonded or separated by one or two atoms called first neighbors,
second neighbors and third neighbors and so on. The first and second neighbors are excluded
from nonbonded LJ interaction. However, depending on the type of forcefield (2.3) used, third
neighbor LJ interaction are either reduced as in GROMOS forcefield keeping a separate lists of
1-4 LJ interaction parameters or reduced by a factor of 2 as in OPLS forcefield.

2.1.1

Bonded Interactions

As mentioned earlier, atoms or molecules are subject to intramolecular bonded interactions
which in general consists of 2-body bond interaction, 3-body angle interaction and 4-body dihedral interaction. Dihedral interactions are separated into two categories namely proper dihedral
and improper dihedrals needed to keep the planar atoms in plane for example in aromatic rings.
A chemical bond between atoms are neither created nor broken during a MD simulation.
Bond interaction between two covalently bonded atoms are represented by a harmonic
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Fig. 2.3: Bonded interaction.

potential defined as,
1
VBond = kb (b − b0 )2
2

(2.8)

where kb is the force constant, b is the bond length and b0 is the equilibrium bond length between
ith and jth atom as shown in figure 2.3.
Bond angle interaction between three chemically bonded atoms are as well represented
by harmonic potential defined as,

1
VAngle = kθ (θ − θ0 )2
2

(2.9)

where kθ is the force constant, θ is the angle and θ0 is the equilibrium angle between ith , jth and
kth atom as shown in figure 2.4.

Fig. 2.4: Angle interaction between atoms i, j and k.

Dihedral angle interactions are the four body interactions in which the torsion angle
φi jkl is defined between the planes formed by atoms i jk and jkl (figure 2.5 ) with zero for cis
configuration (i and l being on the same side). Since dihedral potential functions are periodic

16

Fig. 2.5: Figure illustrating proper dihedral interaction (4-body) between atoms i, j, k and l.

around a rotation of 360◦ , they are defined by the periodic Ryckaert-Bellemann’s function as,

VDihedral =

5
X

Cn (cos(ψ))n ,

(2.10)

n=0

where ψ = φ -180◦ , n is the multiplicity which represents the number of minimum energy
positions as the bond rotates through 360◦ .
Improper dihedral angle interaction that are required to keep planar groups for example
atoms in aromatic rings planar or to prevent atoms from flipping to their mirror images are
defined by harmonic potential of the form,

1
VImproper = kξ (ξi jkl − ξ0 )2
2

(2.11)

where kξ is the force constant and ξ and ξ0 are the angle and equilibrium angle between the
planes (i, j, k) and ( j, k, l).
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Fig. 2.6: Improper dihedral (4-body) interaction between atoms i, j, k and l.

2.1.2

Non-Bonded interaction

Non-bonded interaction consists of van der Waals and electrostatic interaction. van der Waals
interaction includes a combination of attractive forces due to instantaneous dipole-dipole interaction and repulsive forces due to Pauli repulsion. For a pair of particles, Lennard-Jones 12-6
potential (VLJ ) (2.13) is used to describe the van der Waals interaction


!
!6 
 σ 12
σ 

−
VLJ (ri j ) = 4 

ri j
ri j 

(2.12)

where  is the depth of the potential, σ is the distance at which the interparticle interaction is
 12
models short range
zero and ri j is the distance between ith and jth particle. The term rσi j
 6
repulsion between particles whereas rσi j represents attractive interaction at longer distances.
LJ potential may also be written as,

VLJ (ri j ) =

(6)
12
6
with Ci(12)
j = 4σ , C i j = 4σ .

Ci(12)
j
ri12j

−

Ci(6)
j
ri6j

(2.13)
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Electrostatic interaction is calculated using Coulomb’s law (2.14),

VCoulomb (ri j ) =

qi q j
4π0 ri j

(2.14)

where qi and q j are the partial charges of particles i and j, ri j is the distance and 0 is the
permittivity of free space. Atomic partial charges is usually obtained through quantum calculations or geometry optimization methods and are usually fixed during molecular dynamics
simulation unless polarizable forcefield is used. Non bonded parameters , σ or Ci12j , Ci6j are
constants which depends on the type of atoms, size of the two particles as well as the strength
of interaction between them. Non bonded parameters for every individual atoms are developed
during the force field parametrization. However for the pair potential, various combination
rules are often used to generate the parameter matrix. For example in OPLS forcefield, geometric averages called the Lorentz Berthelot rule (cite this) defined as i j =

√
ii  j j and σi j =

√
σii σ j j whereas in the GROMOS forcefield, geometric combination rule defined as Ci(12)
=
j
q
q
(6)
Cii(12)C (12)
Cii(6)C (6)
j j , Ci j =
j j is used. In coarse grained MARTINI forcefield, no combination
rule is used but instead develops the mixing parameters for each pair individually during force
field parametrization.

2.1.3

Periodic Boundary Conditions

Since it is impossible to carry out molecular dynamics simulation of real infinite systems, often
small portion of large systems are considered for simulation. However due to finite size of the
system, number of atoms located on the outer faces of the unit cell leads to surface and edge effects which cannot be ignored. To overcome this problem, periodic boundary conditions (PBC)
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are commonly implemented in molecular modelling. Under PBC, large system is simulated by
considering a small portion of it and replicating in two or three dimensions in space. Usually
PBC are implemented in combination with minimum image convention which states that when
a particle in the original simulation box moves through the box, same movement of particle is
observed in all of its periodic images. This implies that, when the particle crosses the boundary
of a simulation box, it’s image will reappear in the opposite face of the same box. Hence there
are no walls on the central box and no edge or surface particles.[11] Only the closest image
of particles are considered for the non bonded interaction. Figure 2.7 illustrates PBC in two
dimension, where particles in the original simulation box (central) are represented by solid circles and their corresponding periodic images in open circles. Circular cutoff is shown with red
dotted circle where the central particle interacts with all nearest particle, either from the same
original box or from its periodic images.

Fig. 2.7: Figure depicting periodic boundary condition for a two dimensional simulation box. Filled
circles represents the atoms in the simulation box and open circles their images in respective
periodic boxes. Red dotted circle represent the cutoff for non bonded interaction.
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2.1.4

Cut-offs

Calculation of non bonded interaction between all pairs of atoms in the systems is computationally very expensive. For a system consisting of N atoms, number of distinct pairs are
1
2N

∗ (N − 1). As N increases, the amount of pair calculation increases in the order of N2 . It is

therefore, impossible to calculate those forces explicitly. To avoid this problem, certain cutoff
distance for the calculation of non bonded interaction is considered. All pairs of non bonded
interactions are calculated within this cutoff distance and ignored for distance larger than the
cutoff. The value in cut-off distance has to be chosen carefully such that neither it is too large
so that a particle sees its periodic image nor too small so as to neglect interaction between particles. The maximum size of cutoff distance is limited by the dimension of simulation box in
which cutoff distance cannot be greater than half the length of shortest side of a box rc ≤ 12 L.
The potential energy beyond this cut-off distance goes to zero. A list of atoms within the range
of cutoff distance are kept and updated either every time step or some interval of time steps
assuming the movement of atoms is very small within small time interval. Several approaches
exists to shift the potential energy to zero at the edge of cutoff distance, namely truncation, shift
and switch. A simple truncation method can be used in which interactions are set to zero for
interatomic distances greater than the cut-off distance. i.e.,







V(r) if r ≤ rc



Vtrunc (r) = 







r ≥ rc
0,
In general, truncation creates discontinuity in potential which creates large forces and
energy fluctuations at the cutoff[1] and leads to problems in molecular dynamics where energy
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Fig. 2.8: Lennard Jones cut-off illustration for truncation, shift and switch methods.

conservation is required. The shift cutoff method basically modifies the potential in the entire
range of r in such a way that at the cutoff distance, interaction potential is zero. One disadvantage of this method is that the equilibrium distances are slightly reduced[11].







V(r) − Vc



V shi f t (r) = 







0,

if r ≤ rc
r ≥ rc

where Vc is the potential at the cutoff radius[12]. Switch method of cutoff reduces the potential to zero smoothly from a range of distances. Potential is kept same to the first cutoff value
and then it is smoothly switched to zero between the range of cut-off distance. The switching function is a polynomial function of distance with which the potential energy function is
multiplied.

!2
!4 

r
r 

V switch (r) = V(r) 1 − 2
+

rc
rc 

(2.15)

which has the value of V(r) at r = 0 and 0 at r= rC . This method is mostly recommended
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to use when using larger cutoff regions for example for coarse grained particles as short cutoff regions for smaller particles can lead to strong forces in the switching region leading to
perturbed equilibrium structure.

2.1.5

Particle Mesh Ewald

While the non bonded van der Waals interaction for all pair of particles can be approximated
by truncating the potential at distances larger than the cut-off, contribution to the potential energy due to non bonded electrostatic interaction cannot be treated in a similar manner since
the electrostatic interaction is long range and decays slowly. For the treatment of systems in
which charged species are involved, Ewald summation technique[13] for the treatment of long
range electrostatic interactions including periodic boundary conditions are considered to be
efficient[11]. Particle Mesh Ewald (PME)[14] is a variation of the original Ewald method for
periodic systems. The interaction potential V(r) in Ewald summation method can be expressed
as:
V(r) = V sr (r) + Vlr (r)

(2.16)

where V sr represents the short range interaction potential calculated in real space and Vlr the
long range calculated in reciprocal space. In PME, the direct summation of interaction energies
between point particles is replaced by two summations,

ET otal =

X

V(r j − ri ) = E sr + Elr

(2.17)

X

(2.18)

i, j

E sr =

i, j

V sr (r j − ri )
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Elr =

X

Ṽlr (k) | ρ̃(k) |2

(2.19)

k

where Ṽlr and ρ̃(k) represents the fourier transforms of potential and the charge density. ri and
rj are the position of the charge i and j in real space. Short range summation defines the particle
part of PME whereas the long range the Ewald part. Fourier transform of charge density ρ̃(k)
is evaluated by discretizing the charge density field on lattice in space called mesh giving the
name for this approach as PME.

2.2

Ensembles

Thermodynamic properties of interest can be obtained with molecular dynamics simulation by
defining thermodynamic state of the system using small sets of parameters which include temperature (T), pressure (P), volume (V) or the number of particles (N). Using equations of state
and fundamental equations of thermodynamics, other important thermodynamics properties for
example density, chemical potential, heat capacity or free energy of the system etc. can be
obtained. While experimentally, average properties of the system can be obtained, computer
simulations allows one to study the instantaneous properties of the system. Average properties
from molecular dynamics simulation can be obtained assuming the ergodic hypothesis that the
statistical ensemble averages of a physical quantity is equal to the time averages of the system.
i.e.,
hAobs itime = hAobs iensemble

(2.20)

There are various types of statistical ensembles that can be chosen to perform MD simulation.
Ensemble is defined by the properties of the system that are held constant. Microcanonical
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(NVE) is the most basic ensemble used to model isolated system where the number of particles
(N), volume of the system under study (V) and total energy (E) is fixed through out the simulation. Coupling the system to an external temperature bath adds the fluctuation to the energy
while keeping the temperature of the system constant creating a canonical (NVT) ensemble.
Similarly, the system can be coupled to an external pressure bath allowing for the change in
volume of the system creating a isothermal-isobaric (NPT) ensemble. A special type of ensemble NPγ T ensemble is used for molecular simulation that involves lipid bilayers in order to
reproduce the correct experimental values of membrane thickness or area compressibilities[15].
An artificial surface tension can be applied using NPγ ensemble to achieve target experimental
values. Also, for lipid membrane simulations, semi-isotropic pressure couplings is frequently
used which couples pressure along the bilayer (normally x and y directions) and perpendicular to the bilayer plane (normally z direction) separately. Finally, grand canonical embsemble
(µVT) characterizes the thermodynamic state fixing the chemical potential (µ) of the system at
constant volume (V) and temperature (T).
To ensure the correct ensemble of the system, temperature and pressure of the system are
maintained by using thermostats and barostats which are explained below.

2.2.1

Thermostat

Temperature (T) of a system is related to the velocities of individual particles through the
equipartition theorem,
T=

1 X
mi | ~v |2i
N f Kb i

(2.21)
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where N f is the number of degrees of freedom in the system equal to 3N-3, Kb is the Boltzman’s constant, mi and ~vi mass and velocities of individual particles. Initial velocities of each
particle are assigned according to the Maxwell-Boltzman distribution, 2.3 which sets the initial
temperature of the system. However, the effective temperature of the system during simulations
is obtained through time average temperature over a long enough time interval. Due to the large
temperature fluctuations that can occur as a result of force truncations and round-off errors in
integration algorithm, it is necessary to control the temperature. There are several temperature
coupling schemes that can be adopted to correct the temperature throughout the simulaton.

Berendsen Thermostat:
The Berendsen algorithm[16] is a weak coupling scheme in which the system is coupled to an
external heat bath at a given temperature T0 . Berendsen thermostat slowly corrects the deviation
of temperature from T0 according to:

dT
T0 − T
=
dt
τ

(2.22)

which implies that the temperature deviation decays exponentially with the time constant τ until the desired temperature is achieved. This coupling scheme has the advantage of bringing
the system to target temperature quickly with an ability to vary the coupling constant upon the
requirement. However, since the kinetic energy of particles are suppressed, it has the disadvantages of not generating correct canonical ensemble. The error scales as 1/N. So, for larger
system, errors on the ensemble average of physical quantities becomes smaller. However, care
should be taken while obtaining quantities whose value depends on the thermal fluctuation of
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the system, for instance, heat capacity.

Velocity-rescaling Thermostat:
Velocity-rescaling thermostat[17] is an extended version of Berendsen thermostat which produces a correct canonical ensemble by addition of random force so as to enforce the correct
distribution of kinetic energy. Simplest formulation of velocity-rescaling has the drawback that
it cannot be used when the system size is small or when the observable of interest are dependent
on fluctuations rather than on averages[17].

Nosé-Hoover Thermostat:
While weak coupling Berendsen and velocity-rescaling thermostats are extremely efficient for
relaxing the system to a desired target temperature, it does not produce the correct canonical
ensemble. Nosé-Hoover thermostat implements the extended-ensemble approach proposed by
[18] and Hoover [19] which incorporates a thermal reservoir integrated into the system by extending the systems Hamiltonian with an addition of thermal reservoir and friction term in the
equations of motion. The temperature of the system fluctuates, but the frictional term is coupled
to a heat bath so that the total temperature of the system and heat bath is conserved. So, this
thermostat produces the correct canonical ensemble in the expense of computational cost. In
contrast to the weak coupling scheme in which the system reaches to the target temperature in
an exponentially damped relaxation, Nosé-Hoover approach results in an oscillatory relaxation.
So, in general, weak coupling schemes are advisable to use for the initial equilibration
purposes to relaxes the system to a target temperature followed by the Nosé-Hoover thermostat.
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2.2.2

Barostat

To mimic an experimental reality of measurements in constant temperature and pressure, the
ability to control the pressure of system in addition to the temperature is desirable. In molecular dynamics simulations, isobaric-isothermal (NPT) ensemble is realized using volume as a
dynamical variable during the simulation. Depending on the system studied, pressure coupling
can be carried out either in all directions with equal pressures, called isotropoic coupling, or
independently in all directions called anisotropic pressure coupling and semi-isotropic pressure
where the x-y and z dimensions are changed independently or surface tension coupling to study
systems with interface. Pressure coupling facilitates to maintain the desired density as a result
of change in the volume of system.
Analogous to thermostats for temperature coupling, controlling the pressure of the system can be obtained by scaling the volume of the simulation box using barostats described
below for the use in GROMACS simulation package.

Berendsen Barostat:
The Berendsen pressure coupling algorithm[16] rescales the coordinates of each particles as
well as the simulation box vectors every steps or interval of steps using a matrix µ which relaxes
the system’s pressure towards a reference pressure P0 according to the equation:

dP P0 − P
=
dt
τp

(2.23)
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The scaling matrix µ is given by,

µi j = δi j −

n∆t
κi j P0 i j − Pi j (t)
3τ p

(2.24)

where, κ is the isothermal compressibility of the system, τ p is the coupling time constant and
P(t) is the instantaneous pressure. Isothermal compressibility is related to the change in the
volume of the simulation box according to,

1 ∂V
κ=−
V ∂P

!
(2.25)
T

where V is the volume of the simulation box, P is the pressure and T the temperature. Substances
that are easily compressible have large κ value resulting in larger fluctuations for a specific
pressure value compared to those substances that are more incompressible.

Parrinello-Rahman Barostat:
To calculate thermodynamic properties that depends on the pressure and volume fluctuations,
weak coupling schemes like Berendsen that does not simulate true NPT ensemble cannot be
used. In such cases, Parrinello-Rahman[20, 21] approach which produces true NPT ensemble
and is similar to Nosé-Hoover temperature coupling can be used.

2.3

Force Fields

A force field is a set of mathematical equations and related parameters used to generate the
potential energies and forces from the derivatives of the potential energies that describes the
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dependence of energy of the system on the coordinates of its particles. It generally consists
of analytical expressions for both intra and interatomic potential energy expressed as the sum
of bonded and nonbonded interactions and set of parameters that enters into this form. While
the mathematical form is generally the same irrespective of the system simulated, parameters
usually are specific to each chemical species. Parameters associated to a force field are typically obtained using ab initio or high level semi-empirical quantum mechanical calculations or
by fitting to experimental data obtained from X-ray, electron and neutron diffraction, nuclear
magnetic resonance (NMR), infrared, Raman and neutron spectroscopy etc[22]. Typical mathematical expression for force field is given by equation 2.7 where the total potential energy is
represented as a sum of intramolecular interaction in the form of bonded interaction (bonds,
angle, dihedrals) and both intra and intermolecular interaction in the form of non-bonded interaction (van der Waals and electrostatic). The force field development or parameterizations in
any molecular modelling have the primary objective to reproduce experimental data or predict
certain properties. One should bear in mind that force fields are empirical; implying that there
is no “correct” form of force field[12]. So, the force field parameterized for a compound or
molecule with an objective of predicting some properties does not necessarily predict all properties of that compound and it should not be considered as the failure of the force field[12].
Mixing force field parameters from one force field to other should strictly be avoided until the
terms in force field are independent of others for instance bond and angle terms.
In general, force field can be classified into three categories: all-atom, united-atom and
coarse-grained. In all-atom force field, as the name suggests, all of the atoms in the system
are explicitly represented in the model. In united-atom force field, hydrogen atoms bonded to
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carbon atom of methyl and methylene groups are represented by single interaction centers referred as pseudo-atom or united-atom. In coarse-grained force field, complexity of the system is
further reduced by combining multiple heavy atoms into one single interaction centers. Coarse
graining reduces the internal degrees of freedom in a molecule by grouping several atoms into
single virtual particle resulting in a smooth potential energy landscape. Coarse grained simulations are best suited to situations where small atomic details are of low priority and large scale
and longer time scale simulations are required.
There are numerous force fields that can be used to carry out simulations for bio-molecules
including proteins, nucleic acids, polymers, organic and inorganic compounds. Most popular
force fields are CHARMM[23], AMBER[24], GROMOS[25], OPLS[26], UFF[27], COMPASS[28]
and MARTINI[29]. Many of these force fields are continuously evolving in time and different
versions are available. None of these force field however can be classified as inherently better
compared to other. Choice of a force field depends on the number of objectives ranging from
the target properties of interest for the subject under investigation to the length and time scales
needed. All-atom force fields can be used for the simulations when the atomic scale details
are of interest which however are limited by length and time scale of the simulation. Both
length and time scales of the simulation can be increased going from all-atom to united-atom
and coarse-grained simulations at the expense of loss of atomic details due to the reduction in
number of degrees of freedom. For the purpose of our research, we choose GROMOS united
atom and MARTINI coarse grained force fields explained below.
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GROMOS United-atom force field:
The GROMOS (GROningen MOlecular Simulation) united atom force field for molecular simulation was developed in conjunction with the GROMOS software package for molecular simulation GROMOS87[30] and GROMOS96[31]. GROMOS force field is specifically developed
for studying biomolecular systems involving proteins, nucleotides, sugars, lipids etc. and has
been validated against experimental data using crystallographic and spectroscopic data for small
molecules for bonded interactions and by reproducing thermodynamic properties such as the
density and heat of vaporization of small molecules in condensed phase at physiological temperatures and pressure and solvation free enthalpies for non bonded parameterization[25]. It has
been the subject of continuous improvement and refinement leading to the different versions
named as GROMOS 37C4[30] with an improved version[32], GROMOS 43A1, 43A2[31],
GROMOS 45A3[33], 53A5, 53A6[25], 54A7, 54B7[34], 54A8[35]. Several modifications
or extensions of GROMOS 53A6 version have also been proposed leading to 53A6GLYC [36,
37], 53A6CARBO [38], 53A6CARBO R [39], 53A6OXY [40], 53A6OXY+A [41], 53A6OXY+D [42] and
2016H66[43]. The GROMOS force field has been successfully validated and employed in
many biomolecular simulations involving proteins and lipid bilayers[44], β-peptides[45], DNA
duplexes[46], carbohydrates[38, 39], surfactants[47], polymers[42, 48, 49] etc. For the purpose
of this thesis, we used GROMOS 53A6 force field[25].

MARTINI Coarse-grained force field:
MARTINI coarse grained force field was initially developed by Marrink and co-workers in
2004[50] for lipid simulations and later released an improved version applicable for more gen-
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eral purpose on 2007[29]. Similar in spirit to GROMOS force field, building blocks of MARTINI force field have been parameterized using thermodynamic data for example oil/water partitioning coefficients, bulk densities and free energy of vaporization, hydration and partitioning
and validated against experimental data and more detailed atomistic models[29]. MARTINI
force field is in general based on four-to-one mapping, i.e., four heavy atoms are considered as
one single virtual interaction bead. These virtual particles were categorized into four main types
of interaction sites: polar (P), nonpolar (N), apolar (C) and charged (Q). Each main type of interaction sites are further divided into subtypes depending on the hydrogen bonding capabilities
denoted by d = donor, a = acceptor, da = both and 0 = none or by a number indicating the
polarity of the specific chemical species ranging from 1 for low polarity to 5 for high polarity
resulting in 18 total subtypes. The effective size of each interaction bead is same with σ = 0.47
nm except for interaction between charged and most apolar types (C1 and C2 ) with σ = 0.62
nm required for the charged particle to maintain their hydration shell in apolar medium[29].
Interaction strength for non nonded interaction are divided into 10 levels. Bonded particles are
in general are closer to each other compared to the equilibrium distance of nonbonded particles
(21/6 σ). To preserve the planarity of ring compounds, 2 or 3 to 1 mapping is implemented,
resulting in new type of virtual bead labeled ”S” with reduced interaction size to σ = 0.43 nm
and interaction strength  by 75 % to original value. The coarse grained MARTINI water has
an issue of freezing between 280 to 300 K. So, it is recommended to use 10 % of antifreeze
water which was introduced as special type particle denoted by BP4 ( named after big P4 , P4 is
the atom type for MARTINI water) with slight increment of LJ parameter σ for BP4 -P4 to 0.57
nm instead of 0.47 nm.
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Since the release of the MARTINI 2.0 version in 2007, it has been extensively employed
in many computer simulation of biomolecular systems and is able to reproduce experimental
results for sytems involving lipid membrane properties including fusion, protein membrane interaction, design of drug and gene delivery vehicles, nanoparticle membrane interaction, surfactant selfassembly and so on[51] . The force field is continuously evolving with the addition for
proteins[52], DNA[53], RNA[52], carbohydrates[54], polymers[49, 55–57], nanoparticles[58],
fullerenes, nanotubes, graphene sheets[59–61], surfactants[62] etc.
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Chapter 3

Lipid Nanodisc interaction with Gold Nanoparticles

Results presented in this chapter are published in ACS Nano: [1]
Sharma, H.; Dormidontova, E. E. “Lipid Nanodisc-Templated Self-Assembly of Gold Nanoparticles into Strings and Rings”. ACS Nano 2017, 11, 3651–3661.

Gold nanoparticles (AuNPs) have attracted growing attention due to their low toxicity,
excellent imaging, and surface-enhanced spectroscopic properties[2–5]. While larger AuNP’s
can be used for thermoactivated therapeutic purposes and possess shape- and cluster size- dependent plasmonic properties suitable for extracellular sensing[2, 5, 6], sub-4 nm size AuNPs,
including molecular-size so-called gold nanoclusters, have gained increasing attention due to
their capability to penetrate the cell surface and cellular compartments and be used in intracellular imaging and therapy.[2, 5–9] Computer simulations[10–16] show that AuNP penetration through bilayers depends on nanoparticle size, charge, surface smoothness, and the ligand
type.[10–14, 17] AuNP encapsulation by vesicles/liposomes has been recently investigated.[18–
22] In a computer simulation study[22] it was found that only small AuNPs can penetrate into
a vesicle bilayer and only if there is some attraction to the vesicle surface. Experimentally,
AuNP encapsulation has been reported to affect the lipid order in different ways, in some cases
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decreasing the melting temperature T mp of the lipid tails, while in other cases T mp increased,
[18, 21] which might be attributed to the effect of the different ligands used to stabilize or modify the AuNP surface. In practically all cases, AuNP aggregation in the liquid lipid state has
led to vesicle deformation and in some cases disassembly.[18–21] In addition to liposomes,
which are actively and successfully used in many biomedical applications, lipid nanodiscs are
another self-assembled lipid carrier that has emerged as an attractive platform for drug delivery, imaging, and sensing applications.[23–25] Nanodiscs (also known as bicelles) are formed
by mixed lipids favoring a bilayer arrangement with an interior stabilized by the liquid crystalline order of the long-tail lipids and a rim formed by short-tail lipids,[26–28] as shown in
Figure 1. The advantages of nanodiscs are their small size, capability to easily penetrate a cell
surface[29] such as the lipid layers of the skin stratum corneum,[23–25] long- term stability
achieved by pegylation, and versatility of the platform to accommodate different hydrophobic
payloads.[29] While mixed lipid nanodiscs have been studied experimentally and by computer
simulations,[26–28, 30, 31] there have been no reports so far on nanoparticle encapsulation into
nanodiscs.
In this paper using coarse-grained molecular dynamic simulations we investigate encapsulation of 1 nm AuNPs modified by alkane tethers from aqueous solution into mixed dipalmitoylphosphatidylcholine (DPPC) and dihexanoyl- phosphatidylcholine (DHPC) lipid nanodiscs and found an interesting unexpected phenomenon: formation of a ring of gold nanoparticles on the nanodisc periphery. Recently it has been experimentally shown that small gold
nanoclusters, which exhibit strong ligand-dependent photoluminescent properties in the nearinfrared region,[7, 9, 32–34] are capable of two-photon absorption and enhanced emission upon
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clustering,[6, 34] which can be used for deep cell tissue imaging. Thus, understanding the
mechanism and the conditions for small AuNP clustering inside lipid nanodiscs and vesicles
is of obvious importance for practical applications of AuNP-containing lipid carriers. Computer modeling can considerably accelerate and simplify this task by testing different effects,
thereby providing guidance for experimental research. In this paper we analyze the role of the
hydrophobic tether length on AuNP clustering and the nanodisc-to-vesicle We also characterize the interparticle distance and size of AuNP clusters inside the nanodiscs and vesicles. The
obtained results will be compared with experimental and simulation data for vesicles with encapsulated AuNPs. Our results provide insights on AuNP encapsulation and clustering inside
lipid carriers that can guide further experimental research on AuNP-containing lipid nanocarriers.

3.1

Simulation Details

We applied CGMD simulation with the MARTINI force field[35, 36] to study the equilibrium
structure of a lipid nanodisc (bicelle) composed of DPPC, a long-tail lipid, and DHPC, a shorttail lipid, and investigated the encapsulation of hydrophobically modified gold nanoparticles
and their effect on equilibrium properties and stability of the lipid nanodisc. We used a 3:1
ratio of DPPC and DHPC to reproduce typical experimental systems.[26–29] To obtain a lipid
nanodisc, 2400 DPPC and 800 DHPC were initially preassembled into a bilayer, where they
were nearly homogeneously mixed and equilibrated under periodic boundary conditions for
200 ns using a 30 x 30 x 10 nm3 simulation box containing 50000 water beads (with each
water bead representing four water molecules).[35, 36] Then the box size was increased to 45
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Fig. 3.1: Atomistic and MARTINI coarse grained structures of two different lipids (a, b) DPPC and (c,
d) DHPC and three sizes of gold nanoparticles used (e) C8 H17 (f) C12 H25 , and (g) C16 H33

nm x 45 nm x 30 nm with added water surrounding the bilayer with up to 3.5 x 105 coarsegrained water beads total (with about 10% being antifreeze water beads,[36] which were added
to prevent water freezing at lower temperature). The system was re-equilibrated for 500 ns,
leading to formation of an equilibrium nanodisc (Figure 1). NPT simulations were carried out
at the temperature of interest (which was varied from 288 to 314 K) coupled to a Berendsen
thermostat (lipids and water were coupled separately to Berendsen heat baths with a coupling
time constant of 1 ps). Pressure coupling was carried out with a time constant of 2 ps and
compressibility of 3 x 10−5 bar−1 using a Berendsen barostat at 1 atm pressure. A time step
of 40 fs was taken for the simulation without AuNPs and 20 fs for the simulation containing
gold nanoparticles. A cutoff distance of 1.2 nm was used for the van der Waals interactions
with the Lennard-Jones potential and electrostatic interactions with a Coulombic potential. The
relative dielectric constant was taken to be 15, a default value in the MARTINI force field.
All simulations were performed using the GPU version of GROMACS 4.6.5[37]. In order to
investigate the lipid order within the nanodisc, the order parameter for DPPC lipid tails was
calculated using eq 3.1. Both the time and ensemble average of the order parameter for the
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Fig. 3.2: Schematic representation of order parameter calculation of DPPC lipid tail.

DPPC lipids tails have been calculated using the last 25 ns of the simulation trajectory.

P2 =

1
3
< cos2 θz > −
2
2

(3.1)

where θz is the angle between the consecutive bond vector and the normal (z-direction) to the
lipid nanodisc, while the bracket denotes an ensemble average. The average tail order parameter
of DPPC lipids presented in Figure 3.3 was calculated by averaging over all the bonds (GL1C1A GL2-C1B C1A-C2A C2A-C3A C3A-C4A C1B-C2B C2B-C3B C3B-C4B) of lipid tails
shown in Figure 3.2.
To study encapsulation of hydrophobically modified gold nanoparticles into the nanodisc, we used an equilibrated nanodisc and dispersed 1 nm diameter AuNPs in its vicinity. The
AuNP core is known to be slightly hydrophilic or neutral, so it was modeled as a truncated octahedron cut from an fcc lattice with a lattice parameter of 0.408 nm with neutral (N0) CG beads
(sulfur atoms were included into the core area).[38] We note that using a slightly hydrophilic
CG bead (Nda) for the gold does not alter the presented results, as is seen by comparing Figure
3.10 to Figure 3.9. To represent the hydrophobically modified gold nanoparticles,[39] 18 alkane
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chains of three different lengths, C8 H17 , C12 H25 , and C16 H33 , were randomly attached to the
gold/sulfur core with a flexible (freely rotating) bond. Alkane chains were modeled using the
same C1 beads (each representing 4 CH2 units)[38] as the lipid tails. It is worthwhile to note
that alkane tethers are primarily responsible for AuNP-lipid interactions, so that slightly altering the AuNP nature (i.e., CG bead type) or even the crystal arrangement of gold beads would
not affect the presented results. AuNPs were placed in solution in the vicinity of an equilibrated
nanodisc, and the system was re-equilibrated for an additional 1 µs to allow the hydrophobically
modified nanoparticles to interact with and become encapsulated by the nanodisc. To avoid uncontrolled AuNP clustering in solution, the encapsulation of 37 AuNPs into lipid nanodiscs was
achieved via a series of three or four consecutive simulations by adding another batch of AuNPs
to the system. Nanodiscs with encapsulated AuNPs were further equilibrated for 2 µs at 288
K. To investigate the nanodisc to vesicle transformation, we followed the following protocol.
First, the temperature was increased from 288 K to 295 K and the system was equilibrated for
1-1.5 µs. Then the temperature was increased to 298 K and the system was equilibrated for 4
µs. After that the temperature was increased at intervals of 2-3 K (298 K → 300 K → 303 K
→ 305 K → 307 K → 310 K) and equilibrated at each temperature for at least 1 µs. If any
substantial changes in the system’s parameters were detected (i.e., change in lipid order, energy
of the system, Rg of the nanodisc) at the end of the equilibration period, the simulation was
continued until no further changes were detected or until the transformation into a vesicle or
an AuNP-stabilized long-lived open vesicle state was completed. In the latter case the simulation was continued for at least 2 µs to verify that no changes of the system’s parameters had
occurred. The lipid tail order parameter was calculated in the presence of AuNPs in the same

45
manner as for the gold-free case. Radial distribution functions for the AuNPs were calculated
with respect to the center of mass of each AuNP core. All visualizations were done using Visual
Molecular Dynamics.[40]

3.2

Results and Discussion

The equilibrium structure of the DPPC/DHPC nanodisc obtained in coarse-grained molecular
dynamics (CGMD) simulations at 288 K is shown in Figure3.3. As is seen, the lipids form a
fairly symmetric disk-like structure of approximately 32 nm diameter and 4.42 nm thickness
in agreement with experimental observations.[24, 28, 29] In the central region of the nanodisc,
DPPC and DHPC are nearly homogeneously mixed; however closer to the nanodisc rim one can
observe separation between the lipids: short-tail DHPC lipids predominantly form the nanodisc
edge, depleting the adjacent area where the long-tail DPPC lipids are in excess (Figure 3.3).
The numerical analysis of the lipid distribution shows that the relative fraction of short-chain
lipids at the rim is nearly 3 times larger than the overall average value, and correspondingly
the relative fraction of long lipids is more than twice smaller than average (Figure 3.4). The
dominance of the short-chain lipids at the rim has been reported experimentally[23–25] including for DPPC/DHPC nanodiscs[27, 28] and observed in CGMD simulations for two different
combinations of lipids, DPPC and dicapryloylphosphatidylcholine (DCPC)[30] and dimyristoylphosphatidylcholine (DMPC) and DHPC.[31] A closer look at the simulation snapshot of
a nanodisc in Figure 3.3 shows that besides the spatial organization of different lipids there is
also a coupled orientational and positional order. To characterize the lipid order, we calculated
the order parameter for DPPC lipid tails using eqn. 3.1. The obtained order parameter is shown
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Fig. 3.3: (a) Simulation snapshot of an equilibrium nanodisc consisting of DPPC (shown as gray lines)
and DHPC (blue lines) lipids in the ratio 3:1 at 288 K. Water molecules are removed for clarity.
(b) Snapshot of a quarter of the disk showing only the DHPC lipids. (c) Cross-sectional view
of a nanodisc showing regions of highly ordered DPPC lipids. All images are rendered using
VMD.34 (d) Radial order parameter for DPPC lipid tails calculated using eq 3.1 at different
temperatures.
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Fig. 3.4: The radial fractional density of DPPC and DHPC lipids at 288K (up triangles), 298K (down
triangles), 305K (diamonds) and 308K (squares) calculated with respect to the corresponding
average fractions. Note that the first point is the average of the central 3 nm of the nanodisc

in Figure 3.3 (d) as a function of radial distance from the nanodisc center. As is seen, the order
parameter is the highest in the vicinity of the rim of the nanodisc, e.g., in the area depleted by
short-chain lipids, reaching 0.8, whereas near the center of the nanodisc the order parameter
is somewhat lower, approximately 0.72. The liquid crystalline order of lipid tails is one of the
main factors stabilizing the nanodisc.[23, 28] At a temperature below 298 K the lipid order
remains practically unchanged, but with a gradual increase in temperature (by 2-3K at a time
with subsequent equilibration for at least 1 µs at each temperature) beyond 300 K the order parameter starts to decrease, especially near the center of the nanodisc, while the lipid distribution
throughout the nanodisc remains unchanged (see Figures 3.4 and 3.5). The observed decrease
in the order parameter above 300 K is consistent with the melting temperature of the DPPC bilayer reported for the Martini model as 295 ± 5 K [41, 42] and in excellent agreement with the
most recent estimation of 302 ± 1K.[43] An especially sharp decrease in the order parameter
occurs as the temperature increases from 305 K to 308 K (Figure 3.3d). In this temperature
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Fig. 3.5: Number density of DHPC lipids throughout the lipid nanodisc at (a) T=288K, (b) T=295K, and
(c) T=308K for AuNP-free nanodisc and for lipid nanodisc with 37 encapsulated AuNPs (not
shown) modified with C8 alkane tethers at (d) T=288K, (e) T=298K and (f) T=303K.

range the order parameter becomes close to 0.5 and shape fluctuations start to increase. At T =
310 K the nanodisc spontaneously transforms into a vesicle. This transformation occurs rather
promptly with the short tail lipids (DHPC) remaining at the rim during the transition, but upon
closure, they distribute themselves nearly homogeneously throughout the vesicle (Figure 3.6).
Experimentally, the DPPC/DHPC nanodisc-to vesicle transition occurs at 314 K,[23, 27, 28] in
agreement with our observations.

3.2.1

Encapsulation and clustering of AuNPs in Nanodiscs and vesicles

To study the interaction of hydrophobically modified AuNPs with a lipid nanodisc, we placed
AuNPs in solution at 288 K in the vicinity of the nanodisc. To test the encapsulation pathways,
we compared the encapsulation results for two arrangements: (a) AuNPs placed above or below
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Fig. 3.6: (a) DPPC lipid tail order parameter for the nanodisc calculated using eq. 3.1 as a function of
the radial distance from the center of mass at different temperatures. (b) Radius of gyration of
the nanodisc as a function of time during its transition into a vesicle at 310K. (c-e) Simulation
snapshots of the nanodisc-to-vesicle transition at intermediate timesteps (1µs and 1.2 µs) and
at the end of the transition (1.25 µs). Short tail lipid DHPC are shown as blue lines, DPPC as
grey lines and water molecules are omitted for clarity

the main plane of the nanodisc and (b) AuNPs placed in the vicinity of the nanodisc rim as
shown in Figure 3.8. We found that AuNPs are encapsulated predominantly from the rim of
the nanodisc, as the strong lipid order precludes penetration of AuNPs from above or below the
nanodisc plane. This observation is consistent with results of MD simulations for lipid bilayers,
which demonstrate that for a charged gold nanoparticle to enter a bilayer some opening or
disturbance of the bilayer is required.[13, 14, 38, 44, 45] As discussed above, in contrast to the
nanodisc interior, which is composed of highly ordered long-tail lipids (Figure 3.3), the rim
predominantly contains more mobile short-tail lipids and has a larger than favorable area per
lipid headgroup. Both factors make it more favorable for AuNPs to penetrate the nanodisc from
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Fig. 3.7: Simulation snapshots showing the pathway of AuNP (functionalized by C12 tethers) encapsulation into the rim of the lipid nanodisc at 288 K: (a) the initial contact, (b) insertion, (c) complete
encapsulation, (d) encounter of another AuNP, and (e) AuNP clustering. The snapshots show
only a small cross-sectional portion of lipid nanodisc near the rim. The AuNP core is shown in
orange and alkane tethers in green.

Fig. 3.8: Simulation snapshots showing (a) 24 AuNPs modified by C16 alkane tethers placed above and
below the nanodisc plane before encapsulation and the results of encapsulation after 250ns, (b)
13 AuNPs placed near the rim of nanodisc before encapsulation and the results of encapsulation
after 250ns, both at 288 K. Snapshots before encapsulation show DHPC lipids as blue lines and
DPPC as grey lines, snapshots after encapsulation show only head groups of lipids (in olive
color) and lipid tails are omitted for clarity. The AuNP core is shown in red/orange, C16 alkane
tethers are in green and water is omitted for clarity in all cases.
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Fig. 3.9: Simulation snapshots of lipid nanodisc with 37 encapsulated AuNPs with a Nda bead type for
the Au core at 288K after 750 ns (a) and at 298K after 1.5 µs (b).

the rim. The encapsulation process starts when a AuNP approaches the rim of the nanodisc,
as shown in Figure 3.7a. In contrast to a lipid bilayer, a “protrusion” of a lipid tail[44, 45] is
not necessary in this case due to the high mobility of DHPC lipids and large area available per
headgroup to create an opening and initiate a contact with a AuNP. Then the alkane tethers,
which are grouped together to minimize contacts with water, as previously reported,[46, 47]
enter the opening in the nanodisc rim and pull AuNP inside the nanodisc (Figure 3.7 (b)).
The gold surface is known to be slightly hydrophilic or neutral, so following ref. 38
the AuNP core was modeled using neutral N0 CG MARTINI beads[36] (N0-N0 LJ interaction parameters:  = 3.5 kJ/mol, σ = 0.47 nm). To test whether having a slightly hydrophilic
AuNP core would change AuNP-lipid, AuNP-water or AuNP-AuNP interactions and therefore
AuNP encapsulation and clustering inside the lipid nanodisc, we replaced the neutral N0 bead
by a slightly hydrophilic Nda bead (Nda-Nda LJ interaction parameters:  = 4.5 kJ/mol, σ =
0.47 nm). The obtained results for AuNP modeled by Nda beads tethered by C12 hydrophobic
alkane tethers are shown in Figure 3.9. As is seen from Figure 3.9 (a) encapsulation of AuNP
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modeled by Nda beads occurs in a very similar manner at T=288K and takes approximately the
same amount of time. Increasing the temperature to T=298K (via intermediate equilibration at
T=293K for 1 µs) also leads to AuNP clustering. With hydrophobic alkane tethers being the
main driving force for the encapsulation of AuNPs into the lipid nanodisc, it comes as no surprise that no significant changes are observed for either encapsulation, stability or clustering of
AuNPs inside the nanodisc. Thus, having the surface properties of AuNPs primarily dominated
by the alkane tethers the results discussed in our paper remains unaffected regardless whether a
neutral or slightly hydrophilic gold model is considered. We note that, as discussed in the literature, the alkane tethers play a key role in AuNP encapsulation into lipid bilayers,[13, 44, 45]
so that the precise structure of the AuNP core or its neutrality vs slight hydrophilicity (e.g.,
change in CG bead type from N0 to Nda, as discussed above remain of a secondary importance
and do not affect the results discussed below. If after encapsulation a AuNP encounters another
AuNP, it is likely to lead to clustering, as shown in Figure 3.7(c,d). The main reason for the
clustering is the minimization of disturbance for the ligands, as was previously reported for
charged nanoparticles.[48] Also encapsulation of one AuNP creates some additional opening
by disturbing the lipid orientation at the rim, which makes it easier for another nanoparticle to
enter at the same or neighboring location, suggesting some degree of cooperativity.
After AuNPs enter the nanodisc they do not progress very far inside, as the DPPC lipids
are especially highly ordered in the region neighboring the rim (Figure 3.3). As a result, AuNPs
remain in the area adjacent to the rim, forming a ring of gold along the nanodisc periphery. An
example of such an arrangement is shown in Figure 3.10a for the lipid nanodisc at 288 K with
37 encapsulated AuNPs modified with C12 alkane tethers. Similar gold ring arrangements are
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Fig. 3.10: (a) Simulation snapshot with a cross-sectional slice along the nanodisc plane of the lipid nanodisc with 37 encapsulated AuNPs modified with C12 tethers obtained after 1.5 µs simulation
time at 288 K. (b) Cross-sectional view of a nanodisc sliced perpendicular to the nanodisc
plane with encapsulated AuNPs. The AuNP core is shown in orange and alkane tethers in
green.
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Fig. 3.11: Order parameter of DPPC lipid tails calculated using eqn. 3.1 at 288K(a) and 298K(b) for
nanodiscs with encapsulated 37 AuNPs modified by C8 (squares), C12 (circles) and C16 tethers
(up triangles) in comparison with gold-free case (down triangles).

observed for AuNPs modified by C8 or C16 alkane tethers. To achieve AuNP encapsulation in
a controlled way and to avoid AuNP clustering in solution prior to encapsulation into a lipid
nanodisc, we placed 12-14 AuNPs in the vicinity of the nanodisc rim (as shown in Figure
3.8b) at a time and performed several consecutive encapsulation simulations to achieve the
desired number of encapsulated AuNPs, e.g., 37. Since the AuNPs remain at the periphery of
the nanodisc, AuNP encapsulation has practically no impact on the DPPC lipid order, which
remains very high at this temperature (see Figure 3.11). With an increase of temperature the
lipid order starts to decrease (Figure 3.3) and the mobility of the lipids increases. The the order
parameter for DPPC lipid tails at 288K and 298K for the nanodiscs with encapsulated AuNPs
modified with alkane tethers of different lengths were calculated using eq. 3.1 and the results
are shown in Figure 3.11. At 288K no significant influence of AuNP encapsulation on the order
of DPPC tails is observed except the nanodisc with encapsulated AuNP with C8 tethers shows a
slightly lower DPPC order in the vicinity of the rim where the AuNPs are located. At 298K the
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lipid order decreases closer to the center of the nanodisc with AuNP with C16 tethers. However
closer to the rim, the lipid order for the nanodisc with AuNP with C16 tethers is the highest
compared to gold-free nanodisc or nanodiscs with other tether lengths. This is consistent with
C16 alkane tail participation in the lipid tail organization (Figure 3.18). In contrast the presence
of AuNPs with C8 and C12 tethers at the periphery of the nanodisc decreases the lipid order and
results in nanodisc-to-vesicle transition at lower temperature compared to gold-free nanodisc or
the nanodisc with AuNP with C16 tethers.
As discussed above, DHPC and DPPC lipids are nearly homogeneously distributed in the
interior of the nanodisc, even though random fluctuations can lead to local areas of enhancement
of DHPC lipids, as has been previously reported.[31] Having AuNPs at the nanodisc periphery
creates a higher demand on the presence of DHPC lipids at the rim near AuNPs, which can
result in a further depletion of DHPC from the middle area between the center and the nanodisc
rim (Figure 3.5). At 298 K, even though the order of DPPC tails remains high, the mobility of
all lipids near the interface increases to allow AuNP motion and clustering (Figure 3.12). The
driving force for AuNP clustering is minimization of the distortion of lipid order/orientation in
the vicinity of AuNPs, similar to what is observed in lipid bilayers.[48]
We have analyzed the clustering capability of AuNPs inside the lipid nanodisc. To this
end, we calculated the radial distribution function (RDF) for AuNPs based on the position of the
AuNP center of mass. The results are shown in Figure 3.12 (b) at T= 288 and 298 K for AuNPs
modified by C12 alkane tethers. At both temperatures we observe the main peak at 1.25 nm
between AuNP cores, which corresponds to a 0.25 nm separation between AuNP surfaces. As
shown in Figure 3.12 (b), such a small separation distance is achieved by significant bending
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Fig. 3.12: (a) Simulation snapshot with cross-sectional slice along the nanodisc plane of the lipid nanodisc with 37 encapsulated AuNPs modified with C12 tethers obtained after 4 µs simulation
time at 298 K. (b) Radial distribution functions calculated from center of mass to center of
mass of AuNPs modified by C12 tethers inside a lipid nanodisc at 298 K, as shown in (a) and
at 288 K.
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of alkane tethers, stimulated by the tendency to achieve alignment with lipid tails. A similar
separation distance, 1.3 nm, was observed experimentally for a monolayer of Au25 gold clusters
(1 nm in diameter) functionalized with short alkane tethers, e.g., C4 or C8 ,[39] and reported in
a computer simulation of Au25 gold clusters functionalized with a different ligand.[49] Such
a small AuNP separation distance inside the lipid nanodisc, Figure 3.12 (b), should allow the
kind of coupling that enables two-photon absorption and enhanced emission,[6, 34] which is
of interest for deep cell tissue imaging. As is seen at a higher temperature (298 K), AuNP
clustering results in a noticeable sharpening of the main peak, implying that some mobility of
lipids can be beneficial to achieve closely packed AuNP clusters. Furthermore, as the simulation
snapshots indicate, the structure of the nanodisc with a nearly frozen core and more mobile
periphery dictates the shape of AuNP clusters: mostly short strings of AuNPs are formed by
diffusion of AuNPs along the circumference of the disk. The next peaks at 2.1 and 2.5 nm
in the RDF curve correspond to the next nearest neighbor in a bent and straight AuNP string,
respectively. The 2.5 nm peak is also contributed to by AuNPs pairs separated by one tether
length from surface to surface, as shown in Figure 3.12, in agreement with the experimental
observations for hydrophobically modified Au25 gold nanoclusters.[39]
As discussed above, ordering of DPPC lipid tails is the main factor stabilizing the lipid
nanodisc and preventing them from transitioning into a vesicle. DHPC lipids remain mobile,
unless trapped inside the DPPC ordered domain. With an increase in temperature the lipid order
starts to decline, as is seen in Figure 3.3, and fluctuations increase. The temperature increase has
been achieved by raising the temperature by 2-3 K at a time followed by system re-equilibration
at each temperature for at least 1 µs, as discussed in the methods section below. Such a protocol
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Fig. 3.13: (a-c) Simulation snapshots of a lipid nanodisc with 37 encapsulated AuNPs modified with C12
tethers during the intermediate times (a) 0.5 µs and (b) 1 µs of the transition and (c) the final
state of an open vesicle (“round vase“) at 307 K. Simulation snapshots of the AuNP clusters
only (at 0.5, 1, and 2 µs) are shown as well. Alkane tethers attached to gold nanoparticle
are not shown for clarity. (d) Radius of gyration for the nanodisc, Rg (black squares), the
average AuNP cluster size (with AuNPs separated from each other’s center by 3.82 nm or
less) (red triangles), and the average “close-packed“ AuNP cluster size (with AuNPs separated
from each other’s center by 1.5 nm or less) (blue diamonds) as a function of time during the
nanodisc to open vesicle transition.
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is necessary to avoid inhomogeneous fluctuations of temperature and the corresponding lipid
bilayer fluctuations. At 307 K the DPPC order parameter becomes less than 0.5 and a nanodisc
with encapsulated AuNPs with C12 tethers begins to transform into a vesicle. We note that
this transformation starts at a lower temperature compared to a pure nanodisc, an effect that
is attributed to the presence of AuNPs, as will be discussed below. As the transition into the
vesicle progresses, the nanodisc starts to curl up, its radius of gyration, Rg, decreases, and the
rim area starts to shrink, as shown in Figure 3.13. The decrease of the circumference forces
further AuNP clustering. At the end of the transition into a “round vase” shape all AuNPs are
part of a single ring-shaped cluster, as is seen in Figure 3.13. To identify and classify AuNP
clusters, we used two different criteria for the maximum AuNP center-of-mass to center-ofmass
distance: (1) 3.82 nm to be part of a cluster (based on the diameter of AuNP with stretched
C12 tethers) and (2) 1.5 nm for “close-packed clusters”. The results for the cluster sizes are
shown in Figure 3.13 as functions of the transformation time. As is seen, both cluster sizes
increase with time and coincide with each other at longer times, indicating that all AuNPs
form one closely packed ring-shaped cluster with the nearest neighbor separation distance of
about 1.3 nm. The transition into a vesicle stalls at that point, leaving a circular opening with
the edge covered by a tight ring of AuNPs (a “round vase”), as is seen in Figure 3.13. This
structure remains unchanged for at least 1.5 µs of additional simulation time. Further reduction
of the opening becomes increasingly difficult, as it requires rearrangement of several layers of
clustered AuNPs.
We have also studied encapsulation of AuNPs from aqueous solution into an equilibrated
vesicle (such as shown in Figure 3.15) formed by DPPC/DHPC lipids at 310 K. We found that
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Fig. 3.14: (a) Simulation snapshots of an open vesicle (“round vase”) obtained after a 2 µs simulation at
307 K from the nanodisc with 37 encapsulated AuNPs modified with C12 tethers. (b) Radial
distribution function for AuNP center-of-mass separations and snapshot of the AuNP ringshaped cluster in the open vesicle in (a). (c) Cross-sectional snapshot of a deformed vesicle
formed after a 2 µs simulation time at 310 K after the encapsulation by the pre-equilibrated
vesicle of 37 AuNPs modified with C12 tethers. (d) Radial distribution function for AuNP
center of mass and snapshot of the AuNP aggregates in the deformed vesicle shown in (c). In
simulation snapshots (a) and (c) lipid headgroups are shown as red beads and the representation of lipid tails and AuNPs is the same as in preceding figures.
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Fig. 3.15: Simulation snapshots of an equilibrated vesicle before AuNP encapsulation (a), immediately
after encapsulation of 37 AuNPs with C12 tethers (b) and after 1 µs simulation time at 310K
(c). The bottom row displays simulation snapshots showing only lipid headgroups (olive color
beads) and AuNPs with tethers for the same snapshots as in the upper row.
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AuNPs freely enter the vesicle and with time cluster together in groups, causing a strong deformation of the vesicle, as is seen in Figure 3.14 (c). While AuNP clustering occurs primarily
via redistribution of encapsulated AuNPs inside the vesicle, there is also some cooperativity in
AuNPs entering a vesicle at the site of already encapsulated AuNP(s), and sometimes a small
group of AuNPs aggregated in solution can enter the vesicle as well. The observed deformation of the vesicle is caused by the difficulty in accommodating large clusters of AuNPs and
the incompatibility between the spherical shape of the vesicle and the preferred planar layer of
clustered AuNPs. Vesicle deformation that is dependent on the preparation technique was also
observed experimentally for vesicles and liposomes with encapsulated AuNPs.[18–21] Comparing the results of the nanodisc-to-vesicle transition in the presence of AuNPs and encapsulation
of AuNPs into an equilibrated vesicle, one can conclude that the final structures are markedly
different, as is seen in Figure 3.14. In the former case of an open vesicle “round vase”) the
majority of the vesicle is exactly the same as in the gold-free case and all AuNPs are clustered
together in one “ring-like” close-packed cluster, as is evident from the RDF distribution. In
the latter case of a deformed vesicle obtained by encapsulation of AuNPs into the vesicle, the
vesicle shape is not regular and AuNP clusters also have a somewhat random shape and arrangement of AuNPs, as is seen in Figure 3.14. Indeed, the average cluster size is only about
6 and the average close-packed cluster size is 4. Accordingly the RDF exhibits much weaker
peaks at 1.25 and 2.5 nm (Figure 3.14d). Thus, comparing the different pathways of obtaining
a vesicle with encapsulated AuNPs, one can conclude that the nanodisc-to-vesicle transformation with already incorporated AuNPs results in a more closed packed and regularly arranged
ring or string structure. Such a morphology has been experimentally shown to be capable of
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two-photon absorption and enhanced emission,[6, 34] which would be of interest for deep cell
imaging. Furthermore, formation of an unusual (meta)stable structure of an open vesicle with
a circular opening also may have interesting potential applications, e.g.,for biopolymer entrapment. To test the limit of AuNP encapsulation and stability of the “open vase” structure formed
upon melting of AuNP encapsulated lipid nanodiscs, we performed multiple consecutive encapsulation simulations and achieved lipid nanodiscs with 144 AuNPs modified with C12 tethers,
as shown in Figure 3.16 (a) and with 191 AuNPs modified with C8 tethers (Figure 3.17). At
large concentrations encapsulated AuNPs actively cluster together even at low temperature (288
K) and form ring shaped assemblies, leaving only the very center of the nanodisc as an ordered
DPPC lipid area. On one hand, having such a small lipid-only zone would diminish the liquid
crystal order, destabilizing the nanodisc, while on the other hand having several layers of clustered AuNPs makes the transition to a vesicle virtually impossible. Indeed, even by raising the
temperature to 310 K the nanodisc with 144 AuNPs modified with C12 tethers cannot complete
the transition to a vesicle and stalls halfway at a cup-like structure, as shown in Figure 3.16 (b,c).
Similar to the “open vase” structure discussed above and shown in Figures 3.13 and 3.14, this
cup-like structure remains very stable with no noticeable changes in any system properties (Rg,
order parameters, energy, etc.) for more than 2.5 µs simulation time (Figure 3.16 (b)). Thus,
a lipid nanodisc can encapsulate a large number of small AuNPs, which can cluster inside the
nanodisc and stall the transition to a vesicle at the “open vase” or cup-like shape. In the limit of
a very high concentration of AuNPs, the distorted nanodisc (Figure 3.17) is likely to remain the
only possible state that can be observed, as a transition to vesicle will become impossible.
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Fig. 3.16: Simulation snapshots of (a) a lipid nanodisc with 144 encapsulated AuNPs modified with C12
tethers obtained after a 2.5 µs simulation time at 288 K and (b) a cup-like structure stabilized
by 144 encapsulated AuNPs modified with C12 tethers obtained at T = 310 K from the lipid
nanodisc shown in (a). A simulation snapshot showing only lipid headgroups (olive color
beads) and AuNPs with tethers for a cup-like structure is shown as the inset in(c). (c) Radius
of gyration of the nanodisc as a function of time during its transition into a cup-like structure
at 310 K in comparison to that for an “open vase” structure formation by the nanodisc with 37
encapsulated AuNPs modified with C12 hydrophobic alkane tethers at 307 K and the nanodisc
to vesicle transition for a AuNP-free nanodisc at 310 K.
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Fig. 3.17: Simulation snapshot of a deformed lipid nanodisc with 191 encapsulated AuNPs modified by
C8 hydrophobic alkane tethers at 288K.

3.3

Effect of Tether Length

Modification by ligands not only changes the physicochemical properties of AuNPs, e.g., solubility, as in the case considered here, but could also affect their electromagnetic properties,
as has been experimentally reported.[9, 32, 50] Thus, it is important to understand how ligand
properties affect AuNP encapsulation and especially their clustering capability. In our study
we consider chemically identical alkane ligands (C8 , C12 , and C16 ) varying only in the tether
length. Obviously a longer tether length makes AuNPs more hydrophobic and enhances their
propensity to be encapsulated into the nanodisc, as we observe in our simulations. Less obvious
is the effect of the tether length on the AuNP arrangement inside the bilayer. To gain insight
into the local lipid arrangement around encapsulated AuNPs, we analyzed the cross-sectional
simulation images, as shown in Figure 3.18 (a-c). As is seen, in all cases AuNPs are located
in the middle of the bilayer, but the arrangement of lipids around the AuNPs is markedly different. Around AuNPs modified by C8 alkane tethers the lipids show very little order, while

66

Fig. 3.18: (a-c) Cross-sectional view of a nanodisc sliced perpendicular to the nanodisc plane with encapsulated AuNPs modified by C8 (a), C12 (b), and C16 tethers (c). Lipid and AuNP representation is the same as in Figure 3. Water molecules are removed for clarity. (d) Order parameter
for the consecutive bonds in DPPC lipid tails (schematically shown in the inset) calculated at
298 K using eq 1 for the lipids within the radial distance between 10 and 15 nm from the
nanodisc center of mass for nanodiscs with encapsulated AuNPs modified by C8 (squares),
C12 (circles), and C16 tethers (up triangles) in comparison with a gold-free case (ND, down
triangles). (e) Radial distribution functions for AuNP center of mass for AuNPs modified by
C8 , C12 , and C16 tethers inside the lipid nanodisc at 298 K.
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for AuNPs with longer C12 or C16 tethers there is an obvious lipid tail alignment around the
nanoparticle. Furthermore, some alkane tethers orient themselves along the lipid tails, thereby
enhancing lipid order. This inclusion of the AuNP alkane tethers into the ordered lipid tails is
especially noticeable for C16 tethers (Figure 3.18 (c)), which are of exactly the same length as
the DPPC lipid tails. Alkane tails that are not participating in the lipid ordered structure are seen
oriented along the middle of the bilayer. To characterize the local lipid order, we calculated the
order parameter P2 using eqn 3.1 for the sections of the DPPC lipid tails, represented by four
bonds: closest to the nanodisc surface, GL-C1, middle, C1-C2, C2-C3, and at the end of the
tail, i.e., near the middle of bilayer C3-C4. The obtained results calculated in the vicinity of
AuNPs (i.e., within ca. 5 nm of the nanodisc rim and averaged for both lipid tails) are shown
in Figure 3.18 (d). As is seen, the overall lipid order is the highest for AuNPs with C16 tethers
and noticeably lower for AuNPs with C12 and C8 tethers. Comparing to a AuNP-free nanodisc,
the lipid order in the presence of AuNPs with C16 tethers remains similarly high, and there is
even a small enhancement of the C3-C4 bond order near the middle of the bilayer, i.e., in the
area closest to the AuNP surface. In contrast AuNPs with C12 or C8 tethers decrease by 1.2-1.5
times the lipid order especially near the middle of the bilayer, the area affected most by the
AuNP presence. The decrease of the order parameter is partially due to a mismatch in tether
and DPPC tail length; that is, having shorter alkane tethers (C12 or C8 ) in between DPPC tails,
as is seen in Figure 3.18 (a,b), prevents close packing of the lipid tails and therefore reduces
the lipid order. Accordingly, the nanodisc stability decreases and nanodisc to vesicle transition,
which is correlated with lipid order, as discussed above, occurs at a lower temperature, around
305 K, for AuNPs with C12 or C8 tethers, compared to 310 K for both a AuNP-free nanodisc
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and a nanodisc with encapsulated AuNPs with C16 tethers. As in all cases the temperature was
gradually changed with a temperature step of 2-3 K (with equilibration for at least 1 µs at each
temperature) such that the observed difference in lipid melting temperatures in the presence of
AuNPs is statistically meaningful, as the nanodisc with encapsulated AuNPs with C16 tethers
remains stable at 305 and 307 K and starts its conversion to a vesicle only at 310 K. The alkane
tether length can also affect the capability of AuNPs to form clusters. To investigate this effect, we have calculated the radial distribution functions at T = 298 K for the center-of-mass to
center-of-mass distance for encapsulated AuNPs with different tethers. The results are shown
in Figure 3.18 (e). As is seen, in all cases we observe a sharp peak at 1.25 nm distance between
AuNP cores, which corresponds to 0.25 nm surface-to-surface separation between AuNPs, as
discussed above. This peak is especially strong for AuNPs with the shortest C8 tethers, while
for AuNPs with longer tether lengths, especially for C16 , it becomes obviously broader. As
discussed above, this peak is of special interest for potential transmission of energy from one
AuNP to another, e.g., enabling two-photon absorption and enhanced emission.[6, 34] The next
peak in the RDF curve corresponds to the AuNP surface-to-surface separation of one tether
length. Accordingly, this peak shifts to higher values for longer alkane lengths: 2.1 nm for C8 ,
2.5 nm for C12 , and 2.9 nm for C16 . These separation distances agree well with the experimental
observations for Au25 gold nanoclusters.[39] We note that the 2.1 and 2.5 nm peaks also correspond to the next nearest neighbor in a bent and straight AuNP string, respectively, as discussed
above. The sharpness of these peaks indicates organization of AuNPs into string-like clusters.
On comparing AuNPs with different tether lengths, one can conclude that AuNPs with shorter
tethers, especially C8 , exhibit a stronger clustering tendency with a sharper RDF peak at 1.25
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nm separation distance.
Both the AuNP influence on lipid order and AuNP clustering affect the nanodisc to vesicle transition. As discussed above, the transition into a vesicle occurs at a lower temperature,
305 K, for the nanodisc with AuNPs modified by C8 tethers, which exhibits the lowest lipid
order (Figure 3.18) and the highest AuNP clustering. For this system the transformation into a
vesicle progresses to completion while maintaining a continuous string containing all 37 AuNPs
embedded inside the vesicle bilayer, as shown in Figure 3.19 (a). While the radial distribution
function for AuNPs does not appreciably change, the average cluster size and especially the
close-packed cluster size noticeably increase as the transition progresses to completion, as is
seen in Figure 3.19 (c). In contrast, the nanodisc containing AuNPs with C16 tethers remains
stable until 310 K, when it starts transitioning into a vesicle leading to an open vesicle with a
circular opening (Figure 3.19 (b)), similar to the AuNP with C12 tethers case. For AuNPs with
C16 tethers the ring-like structure contains strings of AuNPs separated by layers of tethers and
remains quite stable. As a result, the average close-packed cluster size is noticeably smaller for
AuNPs with C16 tethers compared to the C8 case, as is seen in Figure 3.19 (c). Thus, the size of
the closed packed AuNP cluster and its shape, string vs ring, depend on the alkane tether length
and the number of AuNPs encapsulated into the nanodisc. AuNPs with short alkane tethers
(C8 ) are more likely to form long strings of AuNPs, which can transform into a ring-like cluster upon transition into a vesicle if there is a sufficient number of AuNPs. AuNPs with longer
alkane tethers, e.g., C16 , are prone to form layered ring structures, as shown in Figure 3.19
(b), upon the nanodisc to vesicle transition, which stalls at the “round vase” stage. In all cases
the nanodisc to vesicle transition increases the length of AuNP string-like or ring-like clusters,
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Fig. 3.19: (a) Simulation snapshot of a lipid vesicle with a string of 37 clustered AuNPs modified with
C8 tethers (shown separately in (c)) obtained by conversion from the nanodisc at 305 K. (b)
Simulation snapshot of an open vesicle (“round vase”) with a ringlike structure of 37 encapsulated AuNPs modified with C16 tethers (shown separately in (c) below) obtained after a
2 µs simulation time at 310 K. (c) Average closed-packed AuNP cluster size (with AuNPs
separated from each other’s centers by 1.5 nm or less) for AuNPs modified with C8 or C16
tethers for the vesicles shown in (a) and (b), correspondingly, as a function of time during the
nanodisc to open vesicle transition.
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which might possess interesting optical properties and would be useful in biomedical imaging
applications.[6, 34]

3.4

Conclusions

Using coarse-grained molecular dynamics simulations we studied the interactions between a
nanodisc composed of DPPC and DHPC lipids and AuNPs functionalized by hydrophobic tethers of different lengths. The center of the nanodisc contains well-ordered DPPC lipids and some
DHPC lipids, while the rim is predominantly filled by highly mobile DHPC lipids, in agreement
with previous computer modeling and experimental results.[23, 28] Taking into account these
structural elements of lipid nanodiscs, it is easy to understand why AuNP encapsulation occurs
exclusively from the nanodisc rim, which is more mobile and accessible for insertion of the
hydrophobic tethers. The central flat bilayer region of the nanodisc with highly ordered lipids
represents a barrier for penetration of AuNPs, leading to formation of a ring of AuNPs on the
periphery of the nanodisc (Figure 3.10). We found that encapsulation of AuNPs into the lipid
nanodisc affects its stability in different ways depending on the hydrophobic tether length. We
show that AuNPs with a longer tether length, C16 , similar to the DPPC tails, are better incorporated into the lipid bilayer and can enhance the lipid order (Figure 3.18). As a result, the
nanodisc with encapsulated AuNPs with C16 tethers remains stable until 310 K, similar to the
AuNP-free nanodisc. AuNPs with a tether length comparable to the short DHPC lipids are
found to be located between lipid layers and effectively decrease the lipid order (Figure 3.18).
As a result, a lipid nanodisc with encapsulated AuNPs with C8 or C12 tethers loses stability and
transforms into a vesicle at 305 K, below the temperature of the nanodisc-vesicle transition of

72
a gold-free nanodisc, 310 K. On the basis of this observation, one can expect that nanoparticles
with short tethers that mismatch the tail length of the dominant lipids or large nanoparticles exceeding the size of the bilayer are likely to disrupt the bilayer order and destabilize the nanodisc,
causing transformation into a vesicle at a lower temperature than the gold-free case.
After being incorporated inside the nanodiscs the AuNPs are capable of moving along
the circumference of the nanodisc and form string-like clusters, as is seen in Figure 3.12. The
presence of alkane tethers does not preclude AuNPs from close contacts, with the shortest distance found to be 0.25 nm between nearby AuNP surfaces (Figures 3.12 and 3.18). Such close
contacts between AuNPs or even some contacts corresponding to the tether length should allow quantum coupling of adjacent AuNPs, thereby enhancing photoluminescence and enabling
the experimentally reported two-photon absorption and enhanced emission,[6, 34] which is of
interest for deep cell imaging applications. Transformation from the nanodisc with encapsulated AuNPs into a vesicle enhances AuNP clustering and increases the length of AuNP strings
(Figures 3.13 and 3.19). AuNPs with shorter tethers, e.g., C8 , exhibit the strongest tendency
to form long string-like clusters, while AuNPs with longer tethers, e.g., C16 and C12 , are more
prone to form ring-like AuNP clusters, which remain stable for a prolonged period of time and
effectively stall the conversion to a vesicle structure either completely for very high AuNP concentration or at a cup-like or “round vase” state (Figures 3.13 , 3.14, and 3.19) with a circular
opening surrounded by the AuNP ring. Such an open vesicle state (Figures 3.13 , 3.14, and
3.19) represents a unique type of lipid carrier, which can be of interest for biomedical applications, e.g., for sensing or entrapping biopolymers. In contrast, encapsulation of AuNPs into
an equilibrium vesicle always results in a deformed vesicle with randomly aggregated AuNPs
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inside the lipid bilayer (Figure 3.14 (c)), in agreement with recent experimental reports.[18–21]
The results of our computer modeling provide insights into the interactions of hydrophobically modified AuNPs with lipid nanodiscs and vesicles, which can be useful for designing
lipid nanocarriers for imaging applications. We demonstrate that lipid nanodiscs can serve as
templates for assembly of encapsulated AuNPs into string and ring close-packed clusters. Furthermore, this concept can be extended to a broader range of small inorganic nanoparticles, such
as quantum dots and magnetic nanoparticles, which are actively used in biomedical applications.
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Chapter 4

Equilibrium properties of polymer-threaded wormlike micelle solutions

Results of this chapter are published in:
• Sharma, H.; Dormidontova, E.; “Polymer-threaded wormlike micelle solutions: Molecular Dynamics Simulations”, Submitted to Macromolecules, Under Review.
Self-assembled worm-like or threadlike surfactant aggregates exhibit complex rheological properties and responsiveness to external conditions,[1–3] which attracted considerable interest in both fundamental research and practical applications as drag reducing agents, hydraulic
fracturing fluid in oilfield, or templates for polymerization[4] or for promoting anisotropic assembly of nanoparticles, colloids and so on.[3, 5–7] Having the ability to modify or control
WLM behavior under given external conditions such as temperature, salt concentration or presence of co-solvents is highly desirable. There is a considerable interest in combining the stability of polymers and versatility of wormlike surfactant aggregates. So far these efforts were
limited to complexation of WLM with hydrophobically modified hydrophilic polymers resulting
in additional crosslinking of WLM networks or electrostatic/hydrophobic interactions between
polymer and surfactant assemblies resulting in polymer adsorbed on the surface of surfactant
aggregates[8–22]. In this paper using atomistic molecular dynamics simulations we report on
a principally different complex: polymer-threaded WLMs, where the polymer is located along
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the center of WLM forming its “backbone”. These polymer-threaded WLMs possess somewhat
different properties compared to surface-wrapped by polymer WLMs and can be attractive for
practical applications, e.g. for solubilization of conjugated polymers (such as PEDOT as discussed below) or delivery of polymer conjugated hydrophobic drugs.
Experimentally, it has been shown that polymers can interact with WLM via hydrophobic
interactions forming a hybrid WLM where a polymer resides at the interface between the hydrocarbon core and headgroup/water, thereby shielding the micelle core from water and also screening the electrostatic interactions between charged headgroups in case of ionic surfactants[8–
10]. This behavior was observed for poly (propylene oxide) (PPO) and poly (vinyl methyl
ether) (PVME) in viscoelastic aqueous solutions of cetyltrimethylammonium bromide (CTAB)
in the presence of sodium salicylate (NaSal) or sodium bromide (NaBr) salts[8–10]. Addition
of these polymers reduced viscosity by several orders of magnitude as a result of the polymer
induced wormlike micelle-to-spherical micelle transition, which was theoretically predicted by
Nagarajan[23]. Recently, stable hybrid WLMs of anionic surfactant potassium oleate (or mixed
potassium oleate/C8TAB WLMs) with nonionic high molecular weight hydrophobic polymer
poly (4 vinyl pyridine) (P4VP) (or poly(vinyl alcohol) (PVA)) have been obtained[14, 15, 24].
It was found that P4VP resides at the interface between the core and head groups and assumes a
Gaussian coil conformation with pyridine rings interacting with water via the hydrogen bonds.
These hybrid WLM solutions exhibit high viscoelasticity at low polymer concentrations[14, 15,
24] and the viscosity drops by more than 4 orders of magnitude at high polymer concentration,
which was attributed to polymer-induced loop and branch formation by the WLMs. Polyelectrolytes on the other hand are found to preserve the structure of WLMs when they are oppositely
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charged.[17, 22]. In this class of systems, both hydrophobic and electrostatic interaction comes
into play during the complex formation. For instance, stable complexes of CTAB WLM with
a sodium salt of partially sulfonated polystyrene (NaPSS) were formed when cationic headgroups of CTAB interacts electrostatically with styrene ring due to π-cation interaction whereas
the backbone of the polyelectrolyte resides deeper into the micelle[17]. The polyelectrolyte associated with an ionic WLM was found to have extremely rigid conformation with low entropy.
These oppositely charged systems are found to have limited phase miscibility[25].
Polymer-induced viscoelastic and rheological changes in WLM solutions are not always
due to the major structural changes: as authors in ref. 10 hypothesized this could be due to a
very small change of WLM length not easily measurable experimentally or due to the change
in dynamic behavior of WLM when interacting with polymers. Computer simulations can provide further insights into polymer-WLM interactions with atomic resolution that is difficult to
achieve experimentally. While there are numerous studies of wormlike micellar system using
computer simulations[26–36], there are only a few studies on the interactions of hydrophobically modified polymers with WLM (using dissipative particle dynamics, DPD))[37] or nonionic polymer interaction with spherical[38, 39] or wormlike[14, 15] surfactant aggregates. In
our recent work together with experimental collaborators we have studied the incorporation of
poly(4-vinylpyridine) (P4VP) into potassium oleate WLMs in 6 % salt KCl (by weight) solutions and showed that P4VP resides at the interface between surfactant head groups and tails.
These hybrid polymer-WLM solutions can exhibit a high viscosity at low concentration of high
molecular weight polymers, but a dramatic decrease in viscoelastic properties is observed at
higher polymer content.
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In this paper using united atom atomistic and coarse-grained molecular dynamics simulations we investigate interactions of strongly hydrophobic nonionic polymers, polystyrene
(PS) with WLM formed by anionic surfactant potassium oleate in aqueous solutions of potassium chloride (6% by weight) leading to formation of a different complex: threaded WLM. We
investigate the conformational properties of the PS within the WLM and its subsequent effect
on the static and dynamic properties of WLM. The results obtained for threaded WLM will
be compared to that for a WLM wrapped around the hydrophobic core by a less hydrophobic polymer, polycaprolactone (PCL), which is actively used in biomedical applications. For
comparison to the potassium oleate threaded WLM system we have also carried out coarse
grained MD simulations for C12 E5 WLM aqueous solution and show that PS as well as poly(3,4ethylenedioxythiophene) (PEDOT) can form threaded C12 E5 WLMs, so that this behavior is not
limited to charged WLM solutions. Our results suggest that WLMs can be used to solubilize
strongly hydrophobic polymers, such as PS (flexible) or PEDOT (rigid), and this concept can be
extended to solubilization and delivery of polymer-conjugated hydrophobic drugs in biomedical
applications or preparation of new electro-optical materials. More generally, our results provide
new insights into the fundamental understanding of the difference in properties of WLMs system arising from the localization of embedded polymer within the WLM and might open new
directions in designing responsive polymer-WLM systems.

4.1

Simulation Details

We employed united atom molecular dynamics simulations using GROMOS 53a6 force field[40]
to model worm-like micellar (WLM) solutions of anionic surfactant potassium oleate in the
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presence of 6 wt % of potassium chloride. A simple point charge (SPC) model was used
to model water. We employed the GROMOS53a6 forcefield for the potassium oleate as described in our previous publications[14, 15]. The initial configuration of WLM was obtained
by pre-assembling 720 surfactant molecules into a cylindrical structure using the software
PACKMOL[41] and equilibrating in 6% (by weight) aqueous solution of potassium chloride
for 200 ns in a simulation box of 40 x 18 x 18 nm3 in size. The interactions of equilibrated
WLM with polymers differing in their hydrophobicity and rigidity, polystyrene (PS), poly(4
vinyl pyridine) (P4VP) and polycaprolactone (PCL) were studied. For polystyrene we used
the forcefield described in ref 42, which was slightly modified by changing the charge on the
backbone carbon atom connected to the benzene ring, as listed in Table 4.1 to reproduce the
equilibrium chain conformation and experimentally reported dipole moment(Fig. 4.1a).
Table 4.1: Charges on
poly(styrene).

atoms

used

Atoms

Charge(e)

C1

0.02

C7

-0.02

C(2-6)

-0.1298

H(2-6)(in ring)

0.1298

in

Fig. 4.1: Structure of poly(styrene) monomer
unit.

For polycaprolactone, we used the generic GROMOS forcefield, parameters of which are presented in Table 4.2. For our study we selected polymers of a comparable length i.e. polystyrene
and poly(4 vinyl pyridine) of 120 repeat units, PS120 and PVP120, and polycaprolactone of
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30 repeat units, PCL30. Benzene and chloroform were employed (using the generic GRO-

Fig. 4.2: Structure of (a) poly(caprolactone) (PCL) and (b) poly(3,4-ethylenedioxythiophene) (PEDOT)
monomer unit.

MOS forcefield) as good solvents for polystyrene and polycaprolactone, correspondingly. For
comparison, coarse grained MD simulation of C12 E5 wormlike micelle with polystyrene and
poly(3,4-ethylenedioxythiophene) (PEDOT) were carried out using MARTINI[43] forcefield.
Force fields for C12 E5 and PEDOT were adopted from refs. 44 and 45 . All NPT simulations were carried out using GPU version of GROMACS 4.6.5[46] at a temperature 300K
and 1 bar pressure with compressibility 4.5 x 10-5 bar-1 . Isotropic pressure coupling was applied initially using the Berendsen barostat with a time constant of 1ps for 2 ns followed by
Parrinello-Rahman barostat with a time step of 2 fs for the production run.

Polymer con-

formation in good solvents was characterized by the end to end distance (Ree ) and radius of

Fig. 4.3: Normalized dipole moment distribution of (a) poly(styrene) in benzene and (b)
poly(caprolactone) in chlofororm. Gaussian fit to the histogram is shown in black solid line.
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Table 4.2: Polycaprolactone atomistic bonded parameters. Standard bonded parameters for GROMOS
53a6 are labelled in parenthesis next to the bond(angle) equilibrium value and/or force constant.

Atoms
C(=O)
C(-O)
O(=)
O(-)
Bonds
C-C
C-O(=)
C(=)-O
C-O
Angles
C-C-C
C-C(=)-O
C-C(=)-O(=)
O(=)-C(=)-O
C(=)-O-C
O-C-C
Dihedrals
C-C-C-C
C-C-C-O
C-O-C-C a

Impropers
C-C-O-O

Charge(e)
0.67
0.20
-0.50
-0.37
b0 (nm)
κb (kJ mol−1 nm−4 )
0.1530 (gb 27)
7.15 x 106
0.1230 (gb 5 )
1.66 x 107
0.1360 (gb 13)
1.02 x 107
8.18 x 106
0.1430 (gb 18)
θ0 (deg)
κθ (kJ mol−1 )
111 (ga 15)
530
115 (ga 19)
610
121 (ga 30)
685
122 (ga 31)
700
117 (ga 22)
635
111 (ga 15)
530
φ0 (deg)
κφ (kJ mol−1 )
0.00 (gd 34)
5.92
0.00 (gd 34)
5.92
180
0.931
0
0.569
0
4.682
φ0 (deg)
κφ (kJ mol−1 rad−2 )
0.00 (gi 1)
167.4230
a Parameters are taken from ref. 47.

multiplicity(n)
3
3
1
2
3

gyration (Rg ), which were found to agree well with the values reported experimentally[48, 49]
and in computer simulation[50] for PS in benzene. The obtained radius of gyration for PCL
in chloroform also agree well with experimental data[51] for PCL in tetrahydrofuran (THF) at
250 and MD simulation results[52] for PCL in acetone (which is a less good solvent for PCL
than chloroform[53]. The dipole moment per repeat unit of PS120 chain in benzene is found
to be 0.58 ± 0.19 D, which agrees well with data reported experimentally ( ∼ 0.4 D) [54]. In
PCL the monomer repeat unit [-(CH2 )5 COO-] has a dipole moment originating from the ester
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group with total ester dipole moment of 1.72D obtained from dilute solutions in dioxane[55].
The dipole moment per monomer repeat unit for PCL in chloroform obtained from our simulation is found to be 1.67 ± 0.71 D which agrees with the value (∼ 1.72 D) reported in ref.
55. The distribution of dipole moments for PS in benzene and PCL in chloroform is presented
in Figure 4.3. To study interactions between the polymer and WLM we started with an equilibrated WLM and placed a polymer (obtained in good solvent simulations) in the vicinity of
WLM using software PACKMOL[41]. All systems studied are equilibrated for at least 200
ns. Temperature coupling was employed separately for solvents (water, benzene, chloroform)
and ions/polymers/surfactants using velocity-rescale thermostat with a time constant of 1 ps.
Particle-mesh Ewald (PME) method was used for long-range electrostatic interactions with
a cutoff distance of 0.9 nm for both the van der Waals and electrostatic interactions. Shape
anisotropy of polymer conformation was calculated using anisotropy parameter,

κ2 = 1 − 3

λ1 λ2 + λ1 λ3 + λ2 λ3
(λ1 + λ2 + λ3 )2

(4.1)

where λ1 , λ2 and λ3 are the eigen values of gyration tensor and radius of gyration, R2 g = (λ1
+ λ2 + λ3 ). The anisotropy parameter varies between 0 and 1 with 1 corresponding to a rigid
rod and 0 to a sphere. Polymer flexibility can be characterized via the persistence length which
is estimated by analyzing the behavior of the bond angle correlation function,< cos(θ(s)) >,
where θ is the angle between the bond vectors separated by a distance s along the backbone.
For an ideal semiflexible chain, bond angle correlation function is defined as,

< cos(θ) >' exp(

−s
)
lp

(4.2)
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where l p is the persistence length. For analysis of hydrogen bonds between the hydrogen of
water and oxygens of PCL30 we used a geometrical criteria: the donor-acceptor distance (rDA )
≤ 3.5 Ao and hydrogen-donor-acceptor (H-D-A) angle ≤ 30 0 . All simulation snapshots were
rendered using Visual Molecular Dynamics(VMD).[56]

4.2

4.2.1

Results and discussion

Equilibrium properties of polymer inside WLM

To investigate polymer-WLM interactions we placed a polystyrene chain in an expanded conformation (obtained from PS120 in a good solvent, benzene, Figure 4.5 (a) in the vicinity of
an equilibrated wormlike micelle of potassium oleate in aqueous solution containing 6% of
potassium chloride. The polymer immediately starts to collapse, as water is a bad solvent for
the polystyrene and at the same time rapidly penetrates the WLM. The system conformation
obtained after 200 ns of simulation is shown in Figure 4.5(b-d). As is seen, after the insertion is
complete the polystyrene is localized within the micelle core extended along its cylindrical axis
forming a polymer-threaded WLM. In general, polystyrene has a relatively higher solubility in
short alkanes[57, 58] , which makes the WLM core a preferable media compared to water and
results in the observed encapsulation of PS120 into the core of WLM. Furthermore, PS favors
the very center of the wormlike micelle, as this minimizes potential exposure of polymer to
water (keeping in mind that the persistence length of the polymer is comparable to the WLM
radius) and allows surfactants to maintain the cylindrical symmetry of their distribution in WLM
(as shown in Figure 4.4). It is worthwhile to note that collapsed PS chain pre-equilibrated in
water is also internalized by WLM and localized within the WLM core. However, it may take
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a significant time before the chain can unwrap itself into an expanded string-like conformation,
so a partially collapsed unwrapped conformation, as shown in Figure 4.5(e) for a shorter WLM,
is likely. Since the kinetics of a polymer chain embedded within the core of a WLM is extremely slow, it is beyond the time scale that is possible to study the conformational behavior of
a polymer using united atom GROMOS53a6 forcefield . In order to study slower processes we
carried out coarse grained molecular dynamics simulations using the MARTINI forcefield[43]
for polystyrene in WLM formed with C12 E5 surfactant. Initial starting configuration of WLM
consisting of 814 C12 E5 surfactant was achieved in a similar way as mentioned earlier. Thus
obtained configuration was equilibrated in water for 1 µs time at 300K. Polystyrene of 100 repeat(PS100) unit was simulated in water. To study WLMs in the presence of polystyrene the
collapsed conformation of PS100 obtained from the simulation in water was placed close to
the surface of WLM as shown in 4.4(a). Then the system was run for 5 µs simulation time.
The results show that polystyrene slowly expands within the C12 E5 WLM when internalized in
completely collapsed conformation and remains in a partially collapsed conformation even after
5 µs of simulation time. Similarly, a study of polymer-WLM interaction was carried out for the
same WLM with the conjugated polymer poly(3,4-ethylenedioxythiophene) (PEDOT)(Figure
4.2 (b)) having 36 repeat unit.
We analyzed the equilibrium properties of a PS120 chain located at the very center of
WLM with the polymer backbone co-located with surfactant tail end and side-rings penetrating
mid-core area, as obtained in atomistic MD simulations and shown in Figure 4.5(b-d). The
polymer assumes a rather stretched conformation inside the WLM with the radius of gyration
reaching 6.47 ± 0.15nm compared to 3.70 ± 0.37 nm in benzene (Table 1). The comparison of
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Fig. 4.4: Simulation snapshot of a small section of WLM formed with C 12 E5 surfactant in presence of
polystyrene with 100 repeat unit. Head group of surfactant are shown in yellow, tail in cyan,
polystyrene side chain in purple and backbone in blue color. Only head groups and backbone
atoms are shown in figure(b). Water molecules are not shown for clarity.

the size distribution of the radius of gyration of polystyrene inside the WLM and in benzene is
presented in Figure 4.6. As is seen, the distribution is narrower and shifted to larger Rg values
for the polymer located within the core of WLM compared to that in benzene. The average Rg
is nearly 1.8 times larger than that in a good solvent. The ratio of Ree /Rg for PS120 in WLM
approaches 3.3, which is close to

√
12 = 3.46 expected for a rigid rod. A rod like conformation

of PS120 within the WLM is also consistent with the shape anisotropy values listed in Table 4.3.
Accordingly, the persistence length of PS120 when encapsulated within the core of the WLM
approaches 12.7 ± 3.1 nm which is more than a 8 fold increase compared to that for PS120
in a good solvent[59, 60]. These changes in the equilibrium properties of the PS120 chain are
obviously attributed to the confinement of the polymer within the core of WLM and vice versa
the intrinsic properties of the polymer, its hydrophobicity and rigidity, are among the defining
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Fig. 4.5: Computer simulation snapshots of polystyrene (PS120) (a) in benzene and (b-d) in potassium
oleate WLM in in aqueous solution containing 6% of potassium chloride. (b) and (c) show
cross-sectional and side view of a small section of a WLM with encapsulated PS120. (e)
Computer simulations snapshot of PS120 in a partially unwrapped conformation in a smaller
WLM micelle. The backbone of PS120 is shown in blue, side groups in purple. The head
groups of the surfactants are shown in red and tails in olive. Water molecules and ions are not
shown for clarity.

factors of polymer encapsulation and localization within the WLM.
Having a strongly stretched rod-like conformation of PS inside the WLM, it is interesting to compare this behavior with that for an intrinsically rigid hydrophobic polymer, such
as PEDOT, a π-conjugated polymer, which possesses attractive electro-optical properties and
is insoluble in a common organic solvents. The results of coarse grained molecular dynamics simulations using MARTINI forcefield show that PEDOT is readily encapsulated within a
C12 E5 WLM and is located in the micelle core extending along its center, as shown in Fig. 4.7
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Fig. 4.6: Statistical probability distribution for Rg of PS120 in benzene (blue bars) and PS120 within
the core of potassium oleate wlm (red bars). The black solid curves represent the Gaussian
function fit.

similar to the PS inside the potassium oleate WLM (cf. to Figure 4.5b). This result shows that
there is a good match between the rigid rod-like structure of the polymer and WLM architecture
suggesting the potential for π-conjugated polymer encapsulation and solubilization by WLMs.
Using atomistic (united atom) molecular dynamics simulations we also studied interactions of a less hydrophobic polymer, PCL30, with potassium oleate WLMs in aqueous solution
containing 6% of potassium chloride. PCL30 in an expanded conformation (obtained in a good
solvent, chloroform) (Figure 4.8a) was placed in the vicinity of an equilibrated WLM. We observed a partial polymer collapse and a quick insertion of the polymer into the head-group zone
of WLM. A typical conformation of PCL30 within the WLM obtained after 200 ns of equilibration is shown in Figure 4.8b,c. As is seen, the PCL is located at the interface between the
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Table 4.3: The average radius of gyration (Rg ), ratio of end to end distance and radius of gyration
(Ree /Rg ) and anisotropy (κ2 ) for polymers in good solvents and within potassium oleate wlm.

Polymer
PS120
PS120
PCL30
PCL30
PVP120

Solvent(Media)
WLM
Benzene
WLM
Chloroform
WLM

Rg (nm)
6.5 ± 0.2
3.7 ± 0.4
3.4 ± 0.3
2.6 ± 0.6
5.0 ± 0.2

Ree /Rg
3.3 ± 0.1
2.1 ± 0.4
2.4 ± 0.5
2.6 ± 0.6
3.1 ± 0.2

κ2
0.9 ± 0.1
0.5 ± 0.2
0.7 ± 0.1
0.5 ± 0.2
0.8 ± 0.1

Fig. 4.7: Computer simulation snapshot of C12 E5 wormlike micelle with encapsulated PEDOT molecule
of 36 repeat units. Surfactants are shown as lines (E5 headgroup in yellow and C12 tail in cyan).
PEDOT backbone is shown in cyan beads and side rings as red beads. Water is not shown for
clarity

surfactant head and hydrophobic tail and retains a coil-like expanded conformation wrapping
around the core of WLM.
A closer analysis shows that the backbone of the polymer remains in contact with the
hydrophobic surfactant tail as is seen from Figure 4.8(b, c), while the carbonyl oxygen faces
towards water and forms hydrogen bonds (shown as dashed magenta lines in Figure 4.8(d).
A similar behavior is exhibited by PVP120 encapsulated and localized at the tail-headgroup
interface of potassium oleate WLMs in aqueous solution containing 6 % of potassium chloride,
as is seen in Figure 4.8 and was previously observed experimentally[14]. PCL, similar to P4VP,
although has been classified as a hydrophobic polymer, is capable of forming hydrogen bonds
with water. Hydrogen bonding with water is one of the main reasons for the polymer preference
to remain at the core-corona interface. Our analysis shows that on average there are 0.88 ± 0.01
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Fig. 4.8: Computer simulation snapshots of polycaprolactone, PCL30, in chloroform (a); within a small
section of WLM (b-d) and P4VP120 in potassium oleate WLM (e). The carbon atoms of PCL30
are shown in cyan and oxygens in red. The backbone carbon atoms of P4VP are shown in green
and side rings in blue colors. In c) and e) the head groups of surfactants are shown in red, tails
in olive. In b) and d) surfactants are shown as a silver surface. Solvent is not shown, except
for the zoomed-in view in (d), which illustrates hydrogen bonds (depicted as dashed magenta
lines) between the PCL30 and water.

hydrogen bonds with water per repeat unit of P4VP and 0.86 ± 0.01 hydrogen bonds with water
per carbonyl oxygen of PCL. While both n-alkanes and water are considered to be bad solvents
for the PCL,[61] our simulations show that in a binary phase separated solution of water and
octane, PCL prefer to reside at the oil-water interface as shown in Figure 4.9 with on average of
0.92 ± 0.01 hydrogen bonds formed between water and carbonyl atom of PCL.
As is seen from Figure 4.8b,c, PCL assumes an expanded coil-like conformation within
the WLM. It is informative to compare the conformational properties of PCL wrapped around
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Fig. 4.9: Simulation snapshot of polycaprolactone(PCL30) at octane-water interface. PCL is shown in
cyan, water in red and octane in green color.

the core of a WLM with those in a good solvent, chloroform. Figure 4.10 shows the size
distributions for the radius of gyration of PCL in chloroform and within the WLM. As is seen,
Rg of PCL encapsulated by the WLM is about 3.35 ± 0.33 nm, which is only slightly larger than
that obtained in chloroform: 2.64 ± 0.59 nm and is comparable with the Rg at an octane/water
interface, 3.53 ± 0.77 nm. The end to end distance of PCL30 in a WLM, 8.07 ± 2.28nm, is
correspondingly larger than that in chloroform: 6.86 ± 2.46 nm with the ratio of Ree /Rg being
2.37 ± 0.53, as expected for an ideal coil. The shape anisotropy of PCL30 embedded in a
WLM is also slightly higher than in chloroform and the persistence length of the chain remains
practically unchanged at 0.83 nm. These results suggest that PCL embedded in WLM behaves
as a slightly expanded Gaussian coil qualitatively similar to what is seen in a good solvent
(chloroform). A similar conformational behavior was observed for PVP120 in potassium oleate
WLM(4.10). As is seen, the radius of gyration for PVP120 in WLM is about 5nm, which is
consistent with 8nm hydrodynamic radius reported experimentally for P4VP of 730 repeat units
in potassium oleate WLM.[14]
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Fig. 4.10: Probability distribution for Rg of PCL30 in chloroform (blue bars), PCL30 within the potassium oleate WLM (red bars) and P4VP120 within potassium oleate WLM (green bars). Black
solid curves represent the Gaussian function fit.

Comparing interactions of polymers of different hydrophobicity, PS, PCL, P4VP and PEDOT, with charged (potassium oleate) or uncharged (C12 E5 ) WLM solutions, one can conclude
that all polymers rapidly insert themselves into a WLM with the more hydrophobic and more
rigid polymers PS120 and PEDOT localized along the center axis of the hydrophobic core of
the WLM in a rather stretched conformation (unless slow kinetics of PS unwrapping results in
partially stretched partially collapsed conformation), whereas the less hydrophobic and more
flexible P4VP and PCL30 are localized at the head/tail interfacial area of the WLM maintaining
a Gaussian-like conformation only slightly exceeding in size that in a good solvent.
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4.2.2

Polymer Segmental Dynamics within WLM

To characterize the orientational mobility of polymer within WLM we calculated the segmental
bond vector autocorrelation function defined as:

1
< P2 (t) >= (3 < cos2 θ(t) > −1)
2

(4.3)

where θ(t) is the angle between the vectors connecting consecutive repeat units of PCL (or
the analogous vector connecting i and i+7 atoms for PS) at time t and t=0. The averaging is
taken over the different vectors along the chain backbone and different initial time steps. The
obtained autocorrelation functions P2 (t) for PS120 and PCL30 within the WLMs are shown in
Figure 4.11 in comparison with P2 (t) calculated for these polymers in the corresponding good
solvents. As is seen from Figure 4.11, for both polymers the segmental polymer dynamics
significantly slows down when polymers are encapsulated within a WLM in comparison to that
in a good solvent. This phenomenon is especially pronounced for PS120 which is stretched
and confined within the core of WLM (Figure 4.5 (b-d)). PCL30 being localized at the head
group-tail interface of the WLM and having a Gaussian-like conformation maintains a higher
orientational mobility. Quantitatively, the segmental dynamics of polymers can be characterized
via the empirical Kohlrausch-Williams-Watts (KWW) stretched exponential function[60]:

P2 (t) = exp[−(

t
τKWW

)β ]

(4.4)

where τKWW is the relaxation time and β is the exponent considered to be a measure of cooperativity: β=1 (i.e. single exponential) corresponds to an independent orientational segment
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Fig. 4.11: Segmental autocorrelation function P2 (t) calculated using Eq. 4.3 for (a) PS120 within WLM
(blue) and in benzene (black) (b) PCL30 within WLM (green) and in chloroform (black). Data
fitting to the stretched exponential function are shown in red solid curves.

dynamics, while lower values of β indicate correlations in the segment orientation process. The
obtained data for the segmental autocorrelation function P2 (t) can be successfully fitted by the
stretched exponential function (Eq. 4.4), as shown in red in Figure 6. The fitting parameters for
the curves are listed in Table 2. The mean relaxation time can be obtained using the relationship,
τ seg =

τKWW
β

Γ( β1 ), where Γ(x) is the gamma function.
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Table 4.4: Fitting parameters for the segmental autocorrelation functions P2 (t) shown in 4.11, characteristic relaxation time (τKWW ), exponent (β) and segmental relaxation time (τ seg ) obtained
using stretched exponential function of Eq. 4.4. All errors for the fitting parameters are less
than 1 %.

System
PS120
PS120
PCL30
PCL30

Solvent(Media)
WLM
Benzene
WLM
Chloroform

τKWW (ns)
12.89
2.46
0.81
0.11

β
0.34
0.50
0.41
0.57

τ seg (ns)
71.86
4.90
2.59
0.18

Both relaxation times τKWW and τ seg shown in Table 4.4 for PS120 located inside the
core of a WLM are rather large indicating that the segmental motion of PS120 is significantly
restricted due to the confinement. The segmental dynamics of PCL30 located at the headgroup/tail interface of WLM is less restricted, however the relative increase in polymer segment
relaxation time τ seg upon encapsulation in WLM is comparable for both polymers: ∼14.5 larger
than the intrinsic polymer segmental dynamics, τ seg in solution. Thus, in both cases segmental
orientational dynamics significantly slows down upon entrapment into WLMs.

4.2.3

Equilibrium properties of WLMs

Encapsulation of a polymer in a WLM results in surfactant rearrangement to accommodate
the polymer which could change the static and dynamic properties of WLM solution. WLM
threaded with PS120 is somewhat thicker (i.e. has a slightly larger radius) in the vicinity of
the polymer and is slightly shorter in length compared to the original WLM (Figure 4.12, Table
4.5).
A WLM with an PCL30 wrapped around the WLM core looks rather similar (Figure
4.12), but slightly longer compared to the original WLM without polymer, as is seen in Table
4.5. Comparing all three WLM micelles, the overall flexibility of WLMs with and without the
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Fig. 4.12: Computer simulation snapshots of a) WLM threaded with PS120, b) WLM with wrapped
PCL30 and c) pure WLM. The number of surfactants in all WLMs is the same: 720. Surfactant
and polymer representations are the same as in earlier Figures. Water and salt are not shown
for clarity.

Fig. 4.13: Calculated structure factor for pure WLM (black squares), PS120 threaded WLM (red circle)
and PCL30 wrapped WLM (blue triangle).

polymers is essentially unchanged, as indicated by nearly identical form factors calculated for
all WLMs as shown in Figure 4.13, so we do not expect significant changes in the WLM persis-
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tence length. We note that the overall length of the studied WLMs is about two times larger than
the experimentally measured persistence length of 15nm,[14, 15] while polymer-containing sections of WLM were comparable or smaller than that, making numerical estimation of potential
differences in persistence length of the studied WLMs impractical. To further investigate the

Fig. 4.14: Normalized radial distribution function (rdf) for the oxygen atoms of surfactant head groups
for a) PS120 threaded WLM (red), PCL30 wrapped around WLM (blue) and polymer-free
WLM (black), which is perfectly overlapping with the blue curve. The inset shows an enlarged
portion of the plot in the vicinity of the third peak.

local equilibrium properties of WLM, we calculated the radial distribution function (rdf) for the
oxygen of surfactant head groups for PS-threaded, PCL wrapped and free WLMs. The results
are shown in Figure 4.14. The first two peaks of the radial distribution function at 0.47 nm
and 0.67 nm correspond to the average distances between oxygen atoms of neighboring surfactant headgroups within the WLM. The third broader peak of the radial distribution function
corresponds to the average distance between surfactant headgroups across the WLM width, i.e.
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Table 4.5: The end to end distance and the number of surfactants per nm of WLM with PS120, PCL30
and pure WLM. All WLMs have same number of surfactants (720). All data were obtained
by averaging over 200 ns of trajectory.

System

PS120-WLM
PCL30-WLM
Pure WLM

End
to
End distance(nm)
29.0 ± 2.3
34.2 ± 1.7
32.8 ± 2.5

Contour
Length
(nm)
38.5 ± 1.2
42.2 ± 1.1
42.1 ± 1.1

no. of surfactant per
unit length
18.9 ± 0.7
15.9 ± 0.5
16.6 ± 0.7

corresponds to WLM diameter, which is about 3.6 nm for polymer-free WLM in agreement with
experimental data[14] and consistent with the 1.9 nm of alkane tail length of the surfactant[62].
For a PS120 threaded WLM the diameter increased from ca. 3.6 to about 4.0 nm as is seen from
the inset in Figure 4.14. This is the outcome of WLM threading by polymer which requires
the micelle diameter to increase in order to accommodate the polymer and indicates that more
surfactants are needed to cover the polymer-containing section of the micelle, as we will discuss
next. We note that for the polyelectrolyte (NaPSS) complex with CTAB WLM, an increase of
the micelle diameter from 4.0 to 4.6 nm has also been experimentally observed[17]. For WLM
with a PCL30 chain wrapped at the head-group-tail interface the radial distribution function is
nearly identical to that for polymer-free WLM as is evident from Figure 4.14. This implies that
the presence of polymer at the WLM interfaces provides a minimal disturbance for surfactant
packing.
We calculated the contour length (see Appendix A.1 for detailed procedure), end to end
distance of WLM and average number of potassium oleate molecules per nm of WLM by accounting for all atoms present in a 1nm section of WLM, time-averaging data over the WLM
length and reconstructing the average number of surfactants which can be composed from these
atoms. The average number of surfactants per nm of WLM with threaded PS120 is found to
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be 18.9, exceeding that for polymer-free WLM, 16.5. This implies that, as we expected based
on the O-O rdf, more surfactants are required to accommodate PS120 at the center of cylindrical micelles resulting in an increase of local thickness of the WLM in the polymer-containing
section. WLM with PCL30 located at the head group-tail region has a slightly smaller number of potassium oleate molecules per nm 16, consistent with experimental observations of ca.
14-16 surfactant per nm for potassium oleate WLM with wrapped poly 4-vinylpyridine P4VP
chain[14, 15]. For both PCL30 and P4VP the polymer is located at the head-group-tail interface, where it occupies an extra space, displacing a few surfactants, which leads to a slight
elongation of the WLM, as is seen in Figure 4.14 and Table 4.5. Localization of P4VP at the
interface between the tails and head groups has been shown experimentally to increase the scission energy of the micelle from 140 kJ mol-1 to 190 kJ mol-1 [15]. By analogy, an increase
in scission energy can be expected for WLMs containing PCL30. Moreover, coarse grained
MD simulations[63] have shown that cetyltrimethylammonium chloride (CTAC) WLMs of a
larger diameter have higher scission energy compared to that for WLMs of smaller diameter
in sodium chloride (NaCl) or sodium salicylate (NaSal) solutions. This suggests that PS120
threaded WLM may also have a larger scission energy compared to polymer-free WLM as the
WLM section containing polymer has a larger diameter than polymer-free section. Polymer encapsulation into WLMs alters the WLM rheological properties in agreement with experimental
observations[14, 15] for P4VP - potassium oleate system and allows the control of the size of
the “unbreakable” sections of WLM, which would remain intact even at higher flow rates. This
will be the subject of next Chapter 5.
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4.3

Conclusion

Using molecular dynamics simulations, we investigated encapsulation of polymers with different degrees of hydrophobicity (polystyrene (PS) and polycaprolactone (PCL)) and different
rigidity (PS and PEDOT) into self-assembled wormlike micelles. Both of the more hydrophobic
polymers PS and PEDOT are readily internalized by WLMs and locate within the core of the
micelle. Depending on the encapsulation process and the polymer length, PS tends to assume
a highly expanded conformation (noticeably exceeding that in a good solvent), thereby forming a backbone within the WLM, unless it becomes kinetically trapped in a compact collapsed
conformation, which is rather slow to expand. We show that highly hydrophobic and rigid
polymers, such as conjugated polymers (e.g. PEDOT) which are often hard to dissolve in usual
solvents, can be readily solubilized in WLM. This prediction can have important implications
for the design of new functional materials for use in solution-processed optoelectronic devices.
Overall, polymer encapsulation into WLMs has a relatively minor effect on the equilibrium properties of WLM, as the micelle structure mainly remains intact. To accommodate
PS (or PEDOT) in the core of WLM some surfactant reorganization must occur leading to an
increase in the average number of surfactants per nm of WLM and a slight increase in WLM
thickness in the polymer vicinity. In contrast, the less hydrophobic PCL encapsulated by WLM
is found to be localized at the interface between the hydrocarbon tail of surfactant and the head
group where the carbonyl oxygen of PCL forms on average 0.86 hydrogen bonds per repeat unit.
As PCL contributes to shielding of hydrophobic tails of surfactant and occupies some fraction
of WLM interface, a slight decrease in the average number of surfactants per nm of WLM is
observed in agreement with experimental data for P4VP which are also located at the interface
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of potassium oleate WLM[14, 15]. For both PS and PCL polymers the segmental dynamics noticeably slows down upon encapsulation into WLM by ∼14.5 times compared to a good solvent
(Table 4.4).
While further investigation on the impact of the polymer presence within WLM on the
dynamic properties of wormlike micellar solutions and stress relaxation mechanisms is needed,
our results presented here and experimental data for P4VP-potassium oleate WLMs[14, 15]
indicate that this effect can be significant and will be the subject of next Chapter 5. The results presented in this Chapter provide some insights on the molecular arrangement of polymer
threaded WLMs and showcase the changes in polymer conformation and segmental dynamics
as well as re-arrangements of surfactants to accommodate polymers, which can have important
implications in WLM dynamics and viscoelastic properties. These insights can provide inspirations for further theoretical and experimental work on the design of new polymer-WLM systems
that ensure better control of material properties while maintaining the dynamic responsiveness
of WLMs.
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• Sharma, H.; Dormidontova, E.; “Dynamics of polymer threaded wormlike micelle
solutions: Molecular Dynamics Simulations”, In preparation.

5.1

Introduction

Self-assembled wormlike or threadlike surfactant micelles in aqueous solutions while share
common features of polymer solutions show contrasting behavior arising from continuous breaking and recombination resulting in the distribution of micellar lengths.[1] Above a certain
salt/surfactant concentration or temperature, wormlike micelles grow into long flexible thread
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like micelles, forming a network of entangled micelles. These WLMs that are held together
by hydrophobic interactions exhibits characteristic viscoelastic behavior originating from both
stress relaxation by chain reptation and reversible breaking and recombination and hence also
referred as “living polymers”.[2–4] There are three basic assumptions for the classical model of
the process of WLM chain breaking and recombination: i) there is an equal probability for the
chain to break in any segment of the WLM ii) successive breaking and recombination events are
not correlated implying that after a chain break, it is not more likely to recombine to its initial
partner than to any other free end of the same or other micelles iii) dynamics of chain ends
is dominated by reptation on the time scale of its recombination[3] . Two characteristic times
are usually defined to describe the dynamics of WLM, a) τrep reptation time of an unbreakable
chain of length L and b) and τbreak , the average time before such a chain breaks as a result of
reversible scission process. When the average breaking time is long compared to the reptation
time, τbreak  τrep , stress relaxation mechanism is dominated by reptation in which the stress
relaxation function can be approximated as;

"
#
t 1
4
µ(t) ∼ exp −(
)
τrep

(5.1)

where µ(t) denotes the fraction of shear stress remaining at time t after small step strain is
applied at time t = 0. However, when the breaking time is smaller than the reptation time, τbreak
 τrep , stress relaxation function follows a single exponential decay with relaxation time given
by,
1

τ = (τrep τbreak ) 2

(5.2)
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The reptation time (τrep ) in a hypothetical system of unbreakable chains having mean contour
length L̄ scales as τrep ∼ (L̄/Le )3 where Le is the entanglement length which scales with the
volume fraction (φ) as L ∼ φ−1 . Similarly, the average breaking time scales as τbreak ∼ 1/L̄.
Experimentally, it has been recently reported by our collaborators that the presence of poly (4
vinyl pyridine), P4VP, polymer embedded within the wormlike micelle changes the viscoelastic
behavior of aqueous solutions of WLM[5, 6]. For instance, at low concentration of embedded
polymer , viscosity may increase or maintained high for large molecular weight polymer[6].
However, at higher concentration (and/or for low molecular weight polymer), drop of viscosity
by more than 4 orders of magnitude have been observed (Figure 5.1). These results suggest

Fig. 5.1: a) Zero-shear viscosity in loglog representation as a function of P4VP concentration in 0.047
M aqueous solutions of potassium oleate. The dashed line shows the viscosity of 0.047 M
aqueous solution of potassium oleate in the absence of polymer. Solvent: 6 wt % KCl in
water, pH 11. Reproduced from ref. 5. (b) Zero-shear viscosity η0 (squares), plateau modulus
G0 (circles) and relaxation time τR (triangles) of the 0.047 M aqueous solutions of potassium
oleate as functions of the concentration of the added low, Mw = 77,000 g mol-1 (grey symbols)
and high Mw = 228,000 g mol-1 . (red symbols) molecular weight P4VP polymers. The dashed
lines show the viscosity, the plateau modulus and the relaxation time of the 0.047 M aqueous
solution of potassium oleate in the absence of the polymer. Solvent: 0.8 M KCl in water, pH
11. Reproduced from ref. 6

that the presence of polymer can modify the stress relaxation mechanism for WLM with em-
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bedded polymer compared to pure WLM. Since the reptation time scales with the entanglement
length (Le ), typical atomic or coarse grained MD simulations cannot achieve sufficiently large
system size to reliably measure the persistence length and evaluate the entanglement length. To
model networks of wormlike micelle, a more general coarse-grained model is required which
will be a subject of future work. The effect the presence of polymer embedded within WLM
on the micelle scission will be studied using CGMD simulations with MARTINI forcefield and
discussed below. Dynamics of WLM under uniaxial scission, shear flow or close to the entangled state was previously studied using computer simulations for pure micelle or micelle in the
presence of salt[7–10]. However, the effect of polymer embedded in WLM on the dynamics of
WLM has not been analyzed using computer simulations so far. Here, we aim to investigate to
effect of polymer threaded or wrapped within WLM on the dynamic behavior of micelle under
uniaxial stretch, shear flow and micelle close to the entangled state using both united atom and
coarse-grained molecular dynamics simulation.

5.2

Simulation Details

Methodology for the united atom and coarse-grained simulations employed for equilibrium
simulations are similar to the one described in Chapter 4. In addition to coarse grained MD
simulations with MARTINI forcefield for polymer polystyrene, polycaprolactone is also used
where the forcefield parameters are adopted from ref. 11 To investigate the response of micelle
under the application of stretching force, following the approach adopted in ref. 7, a periodic
micelle along the z direction was created as shown in Figure 5.2 and a pressure difference
between the axial and radial directions of micelle was established resulting in external tension
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along the micellar axis given by,

Fig. 5.2: Simulation snapshot of infinite wormlike micelle formed with 1000 C12 E5 surfactant periodic
along the z direction. Water molecules are not shown for clarity.

!
1
F = h(Px + Py)i − hPzi A
2

(5.3)

where Px, Py and Pz are the pressures along the x, y, and z directions of the simulation box
respectively and A is the cross-sectional area of box in xy plane. Pressure acting along the
z direction of simulation box is gradually decreased keeping pressures along x and y direction
fixed to 1 bar thereby increasing the external force acting on the micelle in z direction. To obtain
the force acting on the micelle cross-section, evaluation of the radius of micelle (r), is required
which was accomplished by slicing the simulation box in z direction into section of ∼ 2 nm
width and using the projection of surfactant head group onto the xy plane. The average distance
between the center of geometry of the projected coordinates to each coordinate, as shown in
Figure 5.4, averaged over all slices and over time give the radius of micelle. Stress acting on
the micellar cross-section can be obtained as F/πr2 .
Shear deformation of the WLMs with and without polymers was studied using nonequilibrium molecular dynamics by deforming the simulation box at a shear rate of 1.25 ns-1
and 1.875 ns-1 . To unravel the dynamical behavior and stress relaxation mechanism of WLMs,
we modeled a simple system that resembles WLM close to the entangled state by using the

114
center of mass pulling approach in which one micelle (red in Figure 5.11) is pulled across the
other (blue) so that the distance between the center of mass between the two micelles increases
with time.

5.3

5.3.1

Results

Polymer induced micelle branch and loops

The experimentally observed changes in viscoelastic behavior of polymer-containing WLMs
(Figure 5.1) can be associated with additional crosslinking of WLMs by polymer, as well as
formation of loops and branches[5, 6]. If upon encapsulation a polymer chain starts to interact with two neighboring WLMs, then to minimize the unfavorable P4VP exposure to water,
the polymer will slowly bring two micelles together, which can lead to their merging with formation of a loop as shown in Figure 5.3 (a). Branching of WLMs might be due to the looser
packing of surfactant in the polymer-surfactant complex than in the pure WLMs which favors
the accommodation of micellar end-cap. Another reasoning might be due to an increased misbalance between breaking and recombination. The section of the WLM is effectively stabilized
by the polymer that keeps connected WLM parts which otherwise could break and recombine
with neighboring WLMs. Having fewer partners for recombination implies more interactions
leading to branching or looping, when only one end of WLM is eliminated. Presence of polymer also leads to the growth of micelle due to the binding of two different WLMs with the
polymeric chain acting as a micellar “glue”. Binding can either occur with the endcap of one
micelle to the polymer containing section of other micelle or by the fusion of two micelle at
the entanglement point if one of them contains an embedded polymer. Polymer can form a new
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cross-link as shown in Figure 5.3 (c). To understand the effect of threaded or wrapped polymer

Fig. 5.3: Computer simulation snapshots showing the formation of a polymer-induced loop (a) and a
branched “cactus” structure (b) by potassium oleate WLMs in aqueous solutions of 6 wt %
KCl. P4VP is shown in blue, and surfactants are shown in olive and red. The number of
surfactants Figure a and b are: 498 and c contains two micelles with 487 and 426 surfactants.
Surfactant tail is represented with tan and head group with red. Only backbone of P4VP is
shown blue color. Water and salt are not shown for clarity. Reproduced from ref. 5, 6

on WLM breaking we performed several sets of simulations, discussed below.

5.3.2

WLM under uniaxial stretch

First, we studied the behavior of WLM with and without polymer under the application of
external force applied in uniaxial direction. Polystyrene having 135 repeat units is used and
in order to make comparable number of coarse-grained MARTINI beads in the backbone of
polymer polycaprolactone of 67 repeat units is utilized. Similar to the result obtained from
atomistic simulations explained in chapter 4, polystyrene was observed to be located within the
core of WLM and PCL on the interface between hydrophobic alkane tail and head group of
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surfactants C12 E5 . Pressure acting on the z direction of simulation box was decreased from 1
bar at a regular intervals thereby increasing the stress acting on the micelle until the scission
of micelle occurs. Under increasing uniaxial stress, the average radius of the micelle decreases
linearly as is seen from Fig. 5.4. Radius of the micelle threaded with PS is larger compared
to pure WLM and PCL threaded WLM attributed to the confinement of PS within the core of
micelle, as discussed in previous Chapter 4.

Fig. 5.4: Radius of wormlike micelle under increasing stress (left) for pure WLM (black squares), PCL
wrapped WLM (blue triangle) and PS threaded WLM (red circle) and illustration of the calculation of WLM radius (right) where only the head groups of surfactants are shown in yellow
beads projected along the xy plane. Solid circle represents the average radius of WLM.

Uniaxial strain of WLM under stress is obtained using the relation (L – L0 )/ L0 ,where
L is the length of simulation box in the direction of force application, which is also equal to
the length of micelle under stretched condition and L0 is the length of micelle under zero stress
obtained from the linear extrapolation of stress vs strain line. It is worthwhile to note that, under
zero or small stress, fluctuation of the micelle was observed as seen from Figure 5.2. Similar
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Fig. 5.5: Stress vs strain for pure WLM (black squares), PCL threaded WLM (blue triangle) and PS
threaded WLM (red circle). The size of error bars is comparable to the symbol size.
Table 5.1: Maximum stress withheld and maximum elongation before scission for pure and polymer
wrapped and threaded WLM under uniaxial stretching by external force.

System

Maximum
stress before
scission(bar)

Pure WLM
WLM-PCL wrapped
WLM-PS threaded

34
28
17.5

Maximum
elongation
before scission (nm)
62
59
48

result for the stress vs strain relationship was obtained using the length of micelle obtained
from the calculation of contour length rather than using the box size in the direction of applied
force. Indeed, linear relationship between stress and strain can be observed from Figure with
data obtained for polymer-containing and free WLM overlaying forming a single curve. The
modulus of the WLMs obtained from the slope of strain-strain plot shown in Figure 5.5 is close
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to 85 bar. The results shown in Figure 5.5 imply that elasticity of linear (unentangled) WLM
does not noticeably change upon polymer encapsulation. However, as is seen from Figure
5.5, PS threaded micelle breaks at lower stress compared to PCL wrapped and pure WLM.
The maximum length of PS threaded WLM before it breaks at a breaking stress of 17.5 bar is
approximately 48 nm compared to ∼ 59 nm for PCL wrapped WLM, which breaks at a stress
close to 28 bar and 62 nm for pure WLM at breaking stress of 34 bar. As can be seen, strain
at which PS threaded WLM breaks is almost half compared to that of PCL wrapped and pure
WLMs. It should be noted that, the overall contour length of PS threaded micelle in the absence
of external stress is less compared to that of PCL wrapped and pure micelle resulting from the
surfactant rearrangement to accommodate the PS confined in the core of micelle. Less extension
of PS threaded micelle before breaking could be attributed to the surfactants remaining in the
vicinity of PS to prevent its unfavorable contacts with water. Thus, while the elasticity of WLMs
does not significantly change upon polymer encapsulation, the amount of stress that they can
tolerate do depend on polymer presence and furthermore on polymer localization within WLM:
polymer-threaded micelles tolerate the least amount of stress and exhibit smallest elongation at
the break. It is worthwhile to note that for polymer-containing WLMs, micelle breaking occurs
at one of the ends of polymer-containing sections of WLMs, indicating that in the presence of
polymer probability of the break become dependent on the location along the WLM.

5.3.3

WLM dynamics under shear flow

To probe the effect of polymer encapsulation on the dynamic properties of WLMs, we also
carried out nonequilibrium MD simulations of different WLMs (with and without polymer)
under shear. In all cases the simulations started from equilibrated structures, as shown in Figure
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5.6 (left), and a shear was applied with a shear rate of 1.25ns-1 or 1.875ns-1 . The resulting
steady-state conformations of the systems subjected to the shear rate of 1.25ns-1 are shown in
Figure 5.6 (right).

Fig. 5.6: Computer simulation snapshots of left: (a) PS120 threaded WLM, (b) WLM with PCL30 located at the head-group-tail interface and (c) polymer-free WLM and right: under steady state
shear flow (γ=1.25ns-1 ). Representation of WLMs and polymers is the same as in Figure 5.3,
water and ions are not shown for clarity.

Under shear flow WLMs become oriented and elongated. With time they become thinner
and break into smaller cylindrical and spherical micelles, as is seen in Figure 5.6. Typically,
several scissions occur per WLM at different times. While the overall pattern of behavior remains somewhat similar in all cases, there are important differences. For WLMs with encapsulated polymer, scissions of WLMs occurs at the boundaries of the polymer-containing sections,
which remain intact with polymer acting as a stabilizing agent. The other polymer-free sections
of WLMs behave similarly to pure WLM, i.e. can undergo breaking at any place along the
contour length at random. Similar results have been observed for WLM embedded with two
different molecular weight of polymer, P4VP60 (having 60 repeat unit) and PVP30 (30 repeat
unit) as shown in Figure 5.7.
Thus, under steady state conditions WLMs with encapsulated polymer always split into
several pieces with one of them (the largest for PS-threaded WLM) containing polymer. When
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Fig. 5.7: Simulation snapshots of the initial WLM with an embedded longer P4VP chain of 60 repeat
units (a) or two shorter P4VP chains of 30 repeat units (b) at equilibrium, and at steady state
under shear deformation (a 1.67 ns-1 shear rate) of the WLMs with an embedded long P4VP
chain (c) or with two embedded short chains (d) obtained from the WLMs shown in (a and
b), respectively. The WLM micelle contains the same number of surfactants, 498, in all cases.
The longer P4VP chain (N = 60) is shown in blue, shorter P4VP chains (N = 30) in cyan, with
headgroups in red. Water, counter ions and salt are not shown for clarity

polymer-containing WLMs are subjected to flow the polymer elongates together with the WLM,
as shown in Figure 5.8(a) for PCL-wrapped WLM. As is seen from Figure 5.8(b), Rg ( and endto-end distance, not shown here) of PCL30 almost doubles under shear flow until after the
break the polymer relaxes back to a size comparable to the static equilibrium value. For PS120
in WLM, Rg and the end-to-end distance increase only slightly during shear flow as the polymer is already present in a highly extended conformation prior to flow application. Despite
relatively minor changes in polystyrene conformation, coverage of the polymer by potassium
oleate surfactant is noticeably altered by the flow, as shown in Figure 5.8 (c). As is seen, upon
application of the shear flow, the average number of surfactants in contact with polymer systematically decreases and stabilizes at 3.6 potassium oleates per repeat unit of PS at flow rate
1.25ns-1 , while at a higher flow rate of 1.875ns-1 the polymer underwent more substantial stripping of surfactant by 20% or more. Similar behavior is observed for PCL30 when in some cases
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Fig. 5.8: Simulation snapshot of a PCL30 wrapped potassium oleate WLM under shear flow at a shear
rate 1.875 ns-1 corresponding to the largest radius of gyration indicated by the arrow in b).
Representation of the polymer and surfactant is the same as in Figure 7. b) radius of gyration as
a function of time for PS120 (open symbols) and PCL30 (closed symbols) in potassium oleate
WLM subjected to shear at two different shear rates γ=1.25ns-1 (triangles) or γ=1.875ns-1
(circles). c) The average number of surfactants per repeat unit of polystyrene in potassium
oleate WLM at two shear rates.

122
polymer exposure to water was observed at higher shear rate (Figure 5.9). We note that reaching
the steady state condition at a higher shear rate takes longer time and there are more statistical
variations between simulation runs (Figure 5.9). As is seen from Figure 5.9, in simulation run
1, PCL and WLM get noticeably stretched to the extent of partial stripping of surfactants from
the polymer (Figure 5.9(a)) before the first scission event occurs. After that, WLM together
with polymer continue to be stretched (Figure 5.9 (c) with the second scission event occurring
close to 8ns. In the simulation run 2, the first scission occurs earlier at a smaller extent of PCL
stretching (Figure 5.9 (b) and results in stress release and relaxation 5.9 of PCL conformation
close to that before shear. Thus, there are some common features as well as noticeable differences in conformational and rheological behavior of WLMs threaded or wrapped by polymer
and polymer-free WLMs. These differences in the conformational behavior of the polymers under flow is likely to affect the rheological and more generally viscoelastic properties of WLMs,
as micelle scission is possible only at the sections that are not occupied by the polymer. At
high shear rates it is expected that viscosity of polymer-threaded WLMs to remain higher than
that for polymer-wrapped WLMs due to the difference in average length of polymer-containing
section, as shown in Figures 5.6 & 5.7. Therefore, polymer encapsulation into WLMs alters
the WLM rheological properties in agreement with experimental observations[5, 6] for P4VPpotassium oleate system and allows the control of the size of the “unbreakable” sections of
WLM, which would remain intact even at higher flow rates.

5.3.4

WLM dynamics under entanglement

To test the dynamic response of two cross-touching WLMs to a pulling stress, we performed
the following simulations. One of the micelles colored in blue has PS threaded in its core and

123

Fig. 5.9: Computer simulation snapshot of a section of WLM containing a PCL chain stretched by flow
in simulation run 1 (a) and run 2 (b) at the times indicated by arrows in (c), where the time
dependence of the PCL radius of gyration is shown for run 1 (triangles) and run 2 (circles).
Polymer and surfactant representation is the same as in the main text.

micelle colored in red does not contain polymer, as shown in Figure 5.10. The presence of
polymer along the backbone of the micelle makes its unbreakable. We studied pulling at two
different rates; slow pulling at a rate of 0.10 m/s and fast pulling of 0.25 m/s. As is seen from
the Figure 5.10, at slow pulling rate, both micelles slide and reptation with curvilinear diffusion
of micelle along its contour is observed as predicted by Cates[4] to be one of the mechanism for
the stress relaxation of unbreakable (polymer) micelles. In contrast, at fast pulling rate, since
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Fig. 5.10: Computer simulation snapshots of two micelles, each consisting of 785 C12 E5 surfactants,
without polymer (red) and threaded by polystyrene of 135 repeat units (blue) before and after
the center of mass pulling. Two different rates of pulling was carried out; slow pulling with
0.10 m/s and fast pulling with 0.25 m/s.

blue micelle threaded by polymer behaves as unbreakable micelle, it only undergoes curved
deformation. However, micelle without polymer (red) gets thinner with time, most prominently
close to the vicinity of junction of both micelle and ultimately breaks into pieces. Breaking and
recombination of micelle is considered as the other mechanism of stress relaxation in solutions
of entangled wormlike micellar systems.[4] The recombination of micelle can either occur with
the same partner as before dissociation or with other end caps of micelle in the solution. It is
worthwhile to mention that, either of the micelle (red or blue) was observed to break during the
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simulation in case when the micelles are not threaded by polymer (Figure 5.11 (a,b)). Then both
WLMs contain polymers, blue WLM threaded by one long polymer, while red WLM contain
two shorter polymers, fast pulling results in breaking of red WLM at the boundary between two
sections threaded by polymers, as shown in Figure 5.11 (c).

Fig. 5.11: Computer simulation snapshots of two polymer-free WLMs (a,b) showing breaking of red (a)
or blue (b) micelles as a result of slow pulling with 0.10 m/s. Breaking of WLM threaded by
single short PS chains (red) as a result of fast pulling against WLM threaded with one longer
PS chain (blue)

5.4

Conclusion

Using multiscale MD simulations with united atom and coarse-grained MD simulations, we
investigated the dynamic behavior of WLM embedded with polymer; either localized on the
surface or confined within the core of WLM. The presence of polymer is known experimentally
to change the viscoelasticity of WLMs either via additional crosslinking, branching or forming
loops within the micelle. Under uniaxial stretching of linear WLMs, no noticeable difference in
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the elastic modulus for pure and polymer embedded micelle was observed. However the maximum stress and hence maximum elongation of micelle before breaking for the pure WLM is the
highest and for PS threaded WLM is the lowest. Non equilibrium MD simulations reveal that
scission of polymer-threaded or polymer wrapped WLM under shear flow mostly occurs at the
boundaries of polymer-containing sections of the WLMs, producing polymer-containing fragments that remain intact under flow. The length and location/conformation of polymer within
the WLM dictates the length of such fragments and hence the residual viscosity. Under shear
flow encapsulated polymer becomes elongated together with the WLM, which is especially
noticeable for the less hydrophobic and more flexible polymer wrapping WLMs. Subsequent
scission of WLMs results in relaxation of the polymer conformation, while polymer coverage
by surfactant is systematically reduced by flow. The center of mass pulling of one WLM across
another reveal that in the absence of polymer, at all rates of pulling, scission of micelle occurs. In contrast, the presence of polymer localized in the core of micelle makes its unbreakable
resulting in sliding of the micelle upon pulling and breaking of the counterpart polymer-free
WLM or WLM containing two shorter polymers at the boundary between polymer-containing
sections. While further investigation utilizing larger scale of coarse-graining is required on the
impact of the polymer presence within WLM on the dynamic properties of wormlike micellar
solutions and stress relaxation mechanisms resulting from the entanglement of micelles, our
results presented here and experimental data for P4VP-potassium oleate WLMs[5, 6] indicate
that this effect can be significant.
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Chapter 6

Conclusion and Future Work

In this dissertation, we studied self-assembled surfactant hybrid nanostructures composed of
organic-inorganic and organic-organic particles using multiscale molecular dynamics simulations with united atom (UA) GROMOS53a6[1] and coarse grained MARTINI[2] force field.
Depending on the complexity of the system studied based on system size, properties of interest,
either one or both level of resolutions have been employed to elucidate the interactions between
host guest particles.
Coarse-grained molecular dynamics (CGMD) simulations using MARTINI forcefield
were employed in chapter 3 to study the interaction of self-assembled lipid bicelle composed
of dipalmitoylphosphatidylcholine (DPPC) and dihexanoyl- phosphatidylcholine (DHPC)lipids
in the ratio 3:1 and gold nanoparticles AuNPs 1nm in diameter modified with 18 hydrophobic alkane tether of three different lengths, C8 H17 , C12 H25 , and C16 H33 . Lipid bicelles being
known as the superior nano carriers for drug and gene delivery due to its stability, smaller size
and capability of carrying higher payload, molecular level understanding of how this nano structure interacts with nanoparticles was lacking. Computer simulations can provide fundamental
understanding beyond the level which is not always possible to obtain from experimental studies. From our in silico study, we not only showed that how the properties of individual lipid
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in the self assembled lipid bicelle for instance lipid ordering affect the insertion pathway and
mechanism, but also the clustering of those encapsulated AuNPs dependent on lipid ordering
including on the length of grafted alkane tethers. In addition, effect of hydrophobic alkane
tether length grafted on the surface of AuNPs on the stability of lipid bicelle were investigated.
We believe that the findings of our research are of fundamental importance that could provide
a step forward in designing lipid nanocarriers composed of not only gold nanoparticles but also
could be extended to encapsulate quantum dots or magnetic nanoparticles useful for biomedical
applications.
In chapter 4 hybrid organic-organic nanostructures formed with self-assembled wormlike surfactant micelle (WLM) with macromolecules were studied using both UA and CGMD
simulations. One of the major objective of combining macromolecules in wormlike micellar
systems leading to hybrid-wormlike micelles is to obtain additional functionality and stability
that can be achieved through polymers yet retain all the characteristic properties which aqueous solutions of wormlike micellar system exhibits. To achieve this goal, understanding on
how polymers interacts with wormlike micelle, their precise location upon interaction depending on hydrophobicity of polymers is required. Here we studied wormlike micelle formed
with surfactant potassium oleate at 6 % salt concentration in the presence of polymers differing in their hydrophobicity, poly(caprolactone) (PCL), poly(4 vinylpyridine) (P4VP) and
poly(styrene) (PS). We investigated both static and dynamic properties of polymers and differences arising due to their precise location upon being embedded within the micelle; surface vs
core. The rearrangement of surfactants to accommodate the presence of polymer within the
micelle were found to have significant difference in static properties of micelle for instance the
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overall contour length and radius of micelle. While these difference might be small, it could
have significant impact on dynamic properties and in turn the viscoelastic properties of micellar
solutions. Non-equilibrium MD simulations were carried out to investigate the scission of hybrid wormlike micellar system including the stress relaxation mechanism under the application
of external force. The results of our study provides new insights into the fundamental understanding of the difference in properties of aqueous solutions of WLMs system arising solely
from the localization of embedded polymer and could open new direction in designing responsive polymer-WLM systems including dispersions of conjugated polymers with better control
over material properties.
In summary, we believe that our results of computer modeling of hybrid nanostructures
not only provides further inspiration towards experimental and theoretical work but also open
new directions towards designing new type of hybrid nanostructures having desired ranges of
physico-chemical, electrical, optical or rheological properties leading to applications towards
biomedicine as drug/gene delivery, contrast enhancing agents or in industrial and household
applications.
Elastic properties of the self-assembled nanostructures plays a critical role towards its
function and organization of guest nanoparticles or marcomolecules upon insertion. Therefore,
it is important to understand the response of these structures upon interaction with external guest
particles. So in future our research could be extended towards understanding the effect of those
interactions in elastic properties of self assembled nanostructures ranging from bicelle, vesicles
to wormlike micelles. Also, to better understand the dynamic properties of hybrid-wormlike
micellar system, coarse graining in even bigger scale compared to MARTINI forcefield can be
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developed aimed towards the study of entangled network of micelles that can have simultaneous
break and recombine upon application of external force.
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Appendix A

Additional Material

To obtain insights into local arrangement of surfactants and WLM conformation, analysis of
overall contour length of WLM is required. Since the wlm is in the state of dynamic equilibrium
due to the continuous diffusion of surfactant along the micellar axis, an estimation of arc length
becomes nontrivial. Here we present more general approach of calculating the contour length
of linear WLM using graph theory, as described in the supporting information in detail. Briefly,
end points of the micelle are represented by the pair of atoms having the longest distance that
can be travelled from one point to other following the contour of micelle. For each atom, all
neighboring atoms within a certain radius called cutoff radius are obtained. Then a path between
atoms in each clouds of atoms which maximizes the number of acyclic walks is obtained. Any
atoms of surfactant can be chosen in principal. However, the atoms close to the cylindrical axis
of micelle best represents the micellar contour. Cutoff radius should be at approximately close
to twice the nearest neighbor distance of atoms obtained in radial distribution function. Smaller
cutoff distance may lead to unrealistic bent in the converted bead which might not correctly
represent the micelle contour. Once the end points of the WLM are found then, the shortest
path that can be traversed from one end of micelle to subsequent intermediate points within
the micelle at the cutoff distance are found and repeated until we reach the other end of WLM.
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Dijkstra‘s shortest path algorithm weighted by the path length is used to find the shortest path
from one end to another end of WLM. This distance of this shortest path gives the contour
length of WLM. A typical example of WLM representation by beads is shown in Figure..

A.1

Determination of contour length of micelle.

Approach to determine the contour length of micelle consists of two major steps. First step is to
find the end points of micelle. Once the end points are found, next step is to find shortest path
that can be traversed from one end to the other.
Suppose we have a graph G as shown in Figure A.1 where {v0 , v1 , . . . , v5 } represents vertices
and {v0 , v1 }, {v0 , v3 }, {v1 , v2 }, {v1 , v4 } {v2 , v3 } represents edges. A walk in the graph G is a
sequence of vertices v0 , v1 , . . . , vk and edges {v0 , v1 }, {v1 , v2 },.... {vk-1 , vk } such that {vi , vi+1 }
is an edge of G for all i: 0 ≤ i < k. Walk starts at v0 and ends at vk and has a length of k. A path
is a walk with all verticies different i.e, vi 6= vj .
Given a graph of node n, than a matrix A = {aij } where







1 if {vi , vj } is an edge



ai j = 







0, otherwise
There is an interesting relation between the number of walks of length k that can be
traversed from node one to other in a graph G and kth power of adjacency matrix A. If aij (k) is
the (i, j) entry of kth power of adjacency matrix A, then the number of walks of length k between
vi and vj is given by the matrix element aij (k) .
With this brief introduction, overall steps that involve the calculation of contour length
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Fig. A.1: Schematic representation of a graph. Solid circles and straight lines represent vertices and
edges respectively.

are explained below.
1. First, the coordinates of the tail atoms(C1 in our case of surfactant) for each surfactant are
considered as the coordinates for which the end points of micelle are to be determined. It
is also equivalent if the coordinates from head group of surfactant are considered.
2. If n is the number of tail atoms (number of C1 atoms), then two different matrices; distance matrix D and adjacency matrix A each of size n x n is created.
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Initially, the distance between two same atoms are set 0 and different atoms are set -1. i.e.,
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dij =0, if i=j, dij =-1, if i6=j and aij =0 is set as the elements of matrices D and A respectively.
3. Distance between ith and jth atoms (i6=j) are calculated. If the distance is less than or
equal to the cutoff distance, then the element of A, aij is updated with 1, otherwise it is
left unchanged. So, the first step simply involves updating the adjacency matrix A with
elements 0 and 1. Element aij = 0 implies that, there is no edge between ith and jth vertex
and 1 implies that there exists an edge.
4. Now, in the first iteration, say n =1, we traverse from each vertex, i, to all the rest of
the vertices, j6=i. If the vertex was not previously visited and if an edge exists, i.e, if the
condition:

dij = -1 and aij 6= 0
satisfies, then matrix D is updated with dij = +1 and A with An with n = 1 for the first
iteration. Note that matrices D and A both are symmetric. We keep on iterating until the
condition stops satisfying.
The vertices that are separated at farthest distance in terms of number of edges that needs
to be traversed to reach from one point to other represents the end points of micelle.
The indices of matrix element of D having largest value represents the end vertices. In
the case of worm like micelle, these vertices represent the end points of micelle. Once
we find the end points, the shortest distance between these points can be found using
Dijkstra’s shortest path algorithm[1].
An illustration of this procedure for the graph in Figure A.1 is presented below. Adjacency
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Fig. A.2: Representation of WLM by an equivalent coarse grained beads obtained using a cutoff radius
of 2.5 nm. Atoms in head group of surfactant are represented in red color, surfactant tail in tan
color with line representation and the coarse grained beads in blue color.

matrices for the graph are,
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The element of matrix A3 , for example, a14 =4. This implies that, there are 4 walks of
length 3 that can be reached from 1st point (v0 ) to 4th point (v3 ). The walks are: {(v0 → v3 →
v0 → v3 ), (v0 → v1 → v2 → v3 ), (v0 → v3 → v2 → v3 ), (v0 → v1 → v0 → v3 ) }. Similarly,
a45 =2. There are two walks of length 3 that we can reach from 4th point(v3 ) to 5th point (v4 . The
walks are: {(v3 → v2 → v1 → v4 ), (v3 → v0 → v1 → v4 ) }.
Typical coarse graining of wlm is shown in Figure A.2
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